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ABSTRACT
Distinct Types of Electron Distribution Functions in
Magnetotail Reconnection: Implications for Particle
Energization
by
Guanlai Li
University of New Hampshire, September, 2015
Magnetic reconnection converts energy stored in magnetic fields to plasma kinetic energy
by accelerating and heating the plasma, and is believed to be the underlying mechanism of
many energetic phenomena in space. Electron distribution functions exhibit the effects of
electron energization by the reconnection process. Using CLUSTER data, we have studied
electron distributions in the inflow and outflow regions of magnetotail reconnection. Based
on comparisons of CLUSTER measurements with PIC simulation results, we discuss the
energization mechanisms. The inflow electron distributions can be characterized by their
temperature anisotropy into three distinct categories: (1) anisotropic with Tek > Te⊥ , (2)
isotropic with Tek = Te⊥ , and (3) hybrid with a lower energy anisotropic population exhibiting Tek > Te⊥ with a higher energy isotropic population. The first two categories are
likely associated with different temporal stages of reconnection while the third category may
result from reconnection onset within the plasma sheet. Electron distributions show distinct
anisotropic features in different regions throughout the reconnection exhaust. Near the electron diffusion region (EDR), distributions exhibit a temperature anisotropy of Te⊥ > Tek .
xxi

The electron distribution becomes isotropic between the EDR and magnetic field pile-up region. The parallel and perpendicular components of the distribution function in the pile-up
region are enhanced in different ways by different mechanisms. Acceleration by the reconnection electric field during electrons’ meandering orbits in the EDR, curvature and ∇B drift
forces, and pitch angle scattering all contribute to form the distinct anisotropic structures
of the distributions. In an effort of understanding a special type of dense electron distribution in the exhaust region, we explore the 3D structure of reconnection. The 3D magnetic
field reconstruction shows that the dense distribution is associated with 3D magnetic nulls.
Electron energization in 3D reconnection requires further investigation.
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Chapter 1
Introduction
Plasma is one of the fundamental states of matter in the universe. It is an ionized gas
which consists of positively and negatively charged particles with approximately equal charge
densities. Plasma is the most abundant form of matter in the universe. Stars, lighting, and
neon lights are all examples of this fundamental state of matter. Throughout the universe,
explosive energy releases are known to trigger plasma phenomena such as solar flares, coronal
mass ejections, and auroras. The most promising physical mechanism underlying these
energetic phenomena is magnetic reconnection, during which the magnetic field topology
rearranges and magnetic energy is converted to plasma kinetic energy and heating.

1.1
1.1.1

Magnetic Reconnection
Early History

Solar flares occur near sunspots where the magnetic field is several kilogauss [Dungey, 1953].
The enormous energy stored in such strong magnetic fields is likely the energy source of
energetic particles and radiation in solar flares. The direct conversion of magnetic energy to
kinetic energy by Ohmic dissipation would take many years, which is much slower than the
observed process in solar flares. There must be a faster way to convert energy.
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At the sixth International Astronomical Union (IAU) conference in 1956, Sweet introduced a model of reconnection and energy conversion [Sweet, 1958]. In Sweet’s model, a thin
layer of current density exists at the boundary of anti-parallel magnetic field. The Ohmic
dissipation occurs in such a way so as to produce a strong curvature in the magnetic field.
Qualitatively, it is as if the magnetic field lines break and reconnect. Newly reconnected
magnetic fields accelerate plasmas. The same model was independently developed by Parker
[1957], and so this model is known as the Sweet-Parker model of magnetic reconnection,
as shown in Figure 1-1. The central gray box is the diffusion region where magnetic fields
break and reconnect. The length of the diffusion region is 2L, which represents the size of
the inflow region. The width of the diffusion region is 2δ, which represents the size of the
outflow region. The momentum balance along the outflow is:

ρVout

∂P
∂Vout
=−
∂x
∂x

(1.1)

where ρ is the plasma mass density, Vout is the outflow velocity, P is thermal pressure.

1 2
ρV
= δP
2 out

(1.2)

δP is the thermal pressure difference between the X-point and the outflow region. From the
equilibrium condition,
P+

B2
= constant
2µ0

(1.3)

the magnetic field at the X-point is zero, so

δP =

2

B02
µ0

(1.4)

then we have
1 2
B2
ρV out = 0
2
µ0

(1.5)

where B0 is the asymptotic magnetic field, µ0 is the magnetic permeability. The outflow
speed is the Alfvén speed, VA , given by:

Vout =

B0
µ0 ρ

 12
= VA

(1.6)

The inflow energy must be balanced by the resistive dissipation rate in the diffusion region,
which gives
Vin
where J =

B0
,
2µ0 δ

B02
= 2ηJ 2 δ
2µ0

(1.7)

Vin the is plasma inflow velocity, η is the electrical resistivity. This gives

Vin =

η
µ0 δ

(1.8)

The incompressibility assumption results in a mass continuity, given by:

Vin L = Vout δ = VA δ

(1.9)

it gives
Vin L =
where S =

µ0 LVA
η

2VA
1

S2

(1.10)

is the Lundquist number. The reconnection rate is then

R=

1
Vin
= 1
Vout
S2
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(1.11)

Figure 1-1: Schematic of the Sweet-Parker model
The energy conversion is much faster in the Sweet-Parker model than the conversion by
Ohmic dissipation. Nevertheless, S  1 and it is still too slow to account for the rapid
energy conversion observed in solar flares. Early theoretical reconnection research aimed to
improve the Sweet-Parker model in order to obtain a reconnection rate sufficiently fast to
model reconnection in solar flares and Earth’s magnetosphere.
The most important modification to the Sweet-Parker model was introduced by Petschek
[1964], who used slow shocks to increase the reconnection rate, as shown in Figure 1-2. The
diffusion region in Petschek’s model is much smaller than in the Sweet-Parker model. The
geometry also changes from a Y-type structure in the Sweet-Parker model to an X-type
structure in the Petschek model. If the shocks are sufficiently close to the X-point, the
reconnection rate can be as fast as the observations. The Petschek model theoretically
solved the difficulty of reconnection rate and was widely accepted.

4

Figure 1-2: Schematic of the Petschek model

1.1.2

Numerical Simulations

Numerical simulations are used to verify the theoretical solutions of reconnection in Petschek’s
reconnection model and others’ models. In the past two decades, numerical simulations have
become more prevalent and have greatly improved our theoretical understanding of reconnection because of the advance of computing power and simulation techniques. The simulation
codes can be divided into three categories: fluid models, particle models, and hybrid models. The fluid models, such as the two-fluid model, treat both ions and electrons as fluids
following the prescription of magnetohydrodynamics (MHD). The particle models, such as
the Particle-In-Cell (PIC) approach, treat both ions and electrons as particles. The hybrid
models treat ions as particles and electrons as a fluid.
In ideal MHD, the magnetic field lines are frozen into the plasma and would never re-
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connect. In ideal MHD simulations, an artificial resistivity is used to trigger reconnection.
The shocks in Petschek’s model have been found in MHD simulation with rapidly changing
resistivity [Ugai and Tsuda, 1977; Sato and Hayashi, 1979; Scholer, 1989]. Biskamp [1986]
challenged the Petschek model in a simulation with constant resistivity, showing that the
reconnection rate is consistent with the Sweet-Parker formula. Uzdensky and Kulsrud [2000]
also performed a simulation with constant resistivity and showed that the artificially imposed
Petschek structure is quickly swept away and becomes Sweet-Parker structure. Nowadays,
MHD simulations are used mostly to model macro-scale physics, such as the 3D interaction
between the solar wind and Earth’s magnetosphere, reconnection on the solar surface, and
coronal mass ejections [Raeder et al., 2010]. In these situations, most of plasma is frozen in,
the magnetic field is frozen into the plasma, which is consistent with the MHD framework.
Simulation predictions show good agreement with observation results in macro scale.
MHD models use a collisional resistivity to diffuse energy into the center of the reconnection structure. However, space plasma is almost collisionless. There are some kinetic effects
that are beyond the scope of ideal MHD theory. Satellite observations show non-Maxwellian
ion and electron distributions, as well as energetic electrons with velocities much larger than
the Alfvén speed. The solution to successfully model kinetic effects is to treat ions and
electrons as separate particles, rather than fluids.
Figure 1-3 shows the Schematic of field configuration and plasma flow pattern in reconnection. The large grey box represents the ion diffusion region (IDR), and the small white
box represents the electron diffusion region (EDR). The dashed lines represent the flow pattern of ions and electrons. Ions turn to the outflow direction in IDR. Electrons do not turn
until they arrive the EDR. The charge separation of electrons and ions form a current, as
shown by solid line. These current result in an out-of-plane magnetic field in a quadrupole
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pattern.

Figure 1-3: Schematic of field configuration and plasma flow pattern in reconnection, adapted
from [Yamada et al., 2010].

Speiser [1965] first presented analytical solutions of particle trajectories in a simplified
reconnection magnetic field structure, as shown in Figure 1-4. Initially in Speiser’s solution,
magnetized electrons drift toward and enter the central current sheet. They become unmagnetized and are accelerated along the negative y direction by the electric field in the current
sheet. The electron are trapped inside the current sheet by the antiparallel magnetic field
(in x−direction in Figure 1-4). When the electrons’ velocities are large enough, the newly
reconnected magnetic field, Bz , turns the electrons’ trajectories toward the outflow direction
(x−direction in Figure 1-4) where they are ejected from the current sheet. The most widely
7

Figure 1-4: Schematic of Speiser orbits, adapted from [Speiser, 1965].
used kinetic model is the Particle-In-Cell (PIC) model, which divides the domain into millions of cells and have hundreds particles per cell. By tracking the locations and velocities
of all the particles, we can obtain the overall plasma properties. PIC simulations enable the
study of fine structure at the heart of the diffusion region. In this thesis, we will use PIC
simulations to study the magnetic and electric field structure in the reconnection region, and
use the electron distributions to distinguish the inflow and outflow regions. Additionally, we
employ particle tracing techniques to analyze electron energization processes.
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1.1.3

Observation

Earth’s magnetosphere is the ideal laboratory to study magnetic reconnection. Figure 1-5
shows the representative magnetic field lines to illustrate how Earth’s dipole field interacts
with the solar wind. The white lines correspond to the interplanetary magnetic field (IMF),
which is carried by the solar wind from the Sun in our solar system. The red lines depict the
field lines in Earth’s magnetosphere, which is approximately a dipole field close to Earth.
The original symmetry of the dipole field is lost with the impact of solar wind, as the dayside
magnetosphere becomes compressed and the nightside magnetotail becomes stretched. As
compression of the dayside magnetosphere intensifies, the IMF can reconnect with the dipole

Figure 1-5: Schematic of the Earth’s magnetic field and reconnection locations, adapted
from www.nasa.org.
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field near the sub-solar point. The newly reconnected magnetic fields convect toward the
magnetotail and again compress the fields toward the neutral plane. Then, reconnection can
occur again in the magnetotail. Both reconnection locations are marked by dashed green
boxes. In certain solar condition, the IMF direction tilts or rotates significantly allowing
reconnection to occur at other places along the magnetopause.
During the past decades, in situ observational evidence of magnetic reconnection verified
previous theoretical predictions and laid the foundations for future reconnection research
direction. On 1 April 1999, the Wind spacecraft encountered a reconnection diffusion region
in the magnetotail [Oieroset et al., 2001, 2002]. The earthward ion flow was followed by
tailward ion flow, indicative of the reconnection outflow jets. Meanwhile, By changed sign
from negative to positive, which is consistent with the signature of the Hall magnetic field.
This is the first observation report of reconnection diffusion region. Hereafter, ion flow
reversal, Bz reversal, and By reversal are the criteria to identify ion diffusion region. In
this thesis, we also use the same criteria to identify reconnection structures. On 1 October
2001, the Cluster spacecraft encountered a reconnection event in the magnetotail [Wygant
et al., 2005]. The central current sheet was bifurcated into a pair of current sheets. Above
and below the current sheet, there is a large amplitude bipolar electric field perpendicular
to the current sheet. The plasma flows, magnetic fields, and electric fields predicted in 2D
simulations were all confirmed by in situ observation, which indicates that the 2D assumption
is close to the reality. For the same Cluster event, Chen et al. [2007] showed that the electrons
are energized to suprathermal energies in magnetic islands. Chen et al. [2008, 2009] also used
electron distribution functions to characterize different regions of the reconnection structure,
such as the inflow, outflow, separatrix regions. The electron distributions are consistent
with simulation results and mapped out an X-line, which provided convincing evidence that
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reconnection X-lines exist in space.

1.1.4

Open Questions

In situ observations provided strong evidence of plasma energization during magnetic reconnection. Nevertheless, there are still many open questions regarding the mechanisms
underlying the dynamics of the fields and plasmas involved in the reconnection process.
Here we list several examples of these questions.
1. What is smoking-gun observational evidence of reconnection?
The trigger of reconnection is still a mystery. Currently, there are two ways to initiate
reconnection in a compressed current sheet in simulations. One way is to wait for a long
enough time, and then reconnection would occur spontaneously. This method avoids having
to use artificial initial conditions, but costs more computationally. Another method is to initiate the reconnection by artificially breaking the frozen-in condition with plasma resistivity
or magnetic field perturbation. Both methods yield similar reconnection features. In space,
it is unknown if the reconnection occurs randomly or needs to be initiated by turbulence or
some other process.
2. What is the structure of the electron diffusion region?
The diffusion region has two layers: the outer ion diffusion region and the inner electron
diffusion region (EDR). Electrons are still magnetized throughout the ion diffusion region,
and only become demagnetized in the EDR. How electrons are energized in the EDR is
still unknown. Speiser [1965] developed an analytical model to describe particle motion
in a simplified antiparallel magnetic field. Particles have meandering orbits in the outof-plane direction, are accelerated by the reconnection electric field, and turn toward the
outflow direction by the reconnected magnetic field normal to the current sheet. With more
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complicated magnetic field, electric field, and pressure tensor which are needed to more
accurately describe the real situation, particle motion in the diffusion region becomes very
complicated. Thus, the electron energization process and electron distributions in the EDR
are still not well understood.
3. What is the 3D structure of reconnection?
Until now, most simulation studies of reconnection are performed in 2D for simplicity and
for reducing the computation time required to run the simulation. The 2D models assume the
derivative along out-of-plane direction is zero. Such an assumption has several disadvantages.
For example, in simulations of magnetic island, there is an artificially large plasma density in
the core of the islands since plasma has no way to escape from a 2D magnetic island. Though
the simplicity of the 2D model is attractive, the reconnection process must have some 3D
structure. For example, the current sheet for reconnection in the Magnetosphere have finite
length in the GSE-y direction, (see Section 1.3 for a discussion of coordinate systems), and
the boundary where the current sheet ceases has not been explored extensively. With 3D
null points, the plasma and field structures significantly differ from the traditional 2D picture
[Pontin and Galsgaard, 2007; Pontin et al., 2007a,b; Pontin, 2011]. Recently, Daughton et al.
[2011] performed a 3D simulation and the cross sections of simulation set up are similar to
traditional 2D picture, and found that reconnection in 3D is dominated by many flux ropes
with cross sections of the 3D simulation resembling the 2D configuration. Reconnection
simulations in 3D, especially the variation along the out-of-plane direction, will be a hot
topic for upcoming studies.
4. What is the effect of the guide field?
A guide field is a magnetic field perpendicular to the reconnection plane, which changes
anti-parallel reconnection to component reconnection. In dayside reconnection, the direction
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of the IMF generally is not anti-parallel to the dipole field. Thus, guide field reconnection
events are common and important in the study of dayside reconnection. In the anti-parallel
reconnection, the magnetic field in the diffusion region is small, so that particles are unmagnetized and fields can energize plasma. With guide field, the unmagnetized region could be
smaller or vanish entirely, thus particle motion and energization would change significantly
[Swisdak et al., 2003, 2005; Huba, 2005; Goldman et al., 2011; Le et al., 2013]. How a guide
field affects magnetic reconnection has been studied intensively, but is still an open question. The new field structures, particle energization mechanisms, and minimum guide field
to substantially alter the reconnection structure will be the aims of future studies.

1.2

Instrumentation: the Cluster Spacecraft

A number of satellites have been launched to study the fields and plasmas in the Earth’s
magnetosphere. Some significant findings corroborate previous theoretical and simulation
work on magnetic reconnection, and promote future studies. In this thesis, we use observation
data from the Cluster mission. Here we introduce the instrument specifications and the
datasets used in the following chapters.
The Cluster satellites were re-launched in 2000 after rocket failure of the first launch in
1996. Cluster uses four identical satellites in a tetrahedral formation to measure 3D data
from the interaction of the solar wind and magnetosphere. The distance between spacecraft
varies from 100 to 10,000 km and the highly elliptical orbits reach a perigee of 4 RE and
an apogee of 19.6 RE . Data product from Cluster has three resolutions: spin resolution,
full resolution, and burst mode. The instruments are mounted on the side of spacecraft and
spacecraft spins to keep stable and let instruments detect plasma and field from all directions.
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There are some data with resolution of one data point per spin cycle, which is about 0.25
Hz. The full resolution data are the standard resolution used in all Cluster data, which is
23 Hz. In the interval with potential important features, the spacecraft would switch to
burst mode, the data resolution can be more than 100 data points per second. There are 11
instruments onboard the Cluster spacecraft. Here we introduce five of them which are used
in this thesis.
1. FGM
The primary objective of the Cluster Magnetic Field Investigation (FluxGate Magnetometer, FGM) is to provide accurate measurements of the magnetic field vector [Balogh
et al., 2001]. The FGM instrument on each spacecraft consists of two triaxial fluxgate magnetic field sensors on one of the two radial booms of the spacecraft, and an electronics unit
on the main equipment platform. The instrument is designed to be highly failure-tolerant
with an accuracy of 0.1 nT. The magnetic field dataset has full resolution (23 Hz) and spin
resolution (0.25 Hz) data. In this thesis, all magnetic field data are in full resolution. By
using the magnetic field from all four spacecraft, we can calculate the current density and
curvature of the magnetic field, which can provide evidence of magnetic reconnection.
2. EFW
The primary objective of Cluster Electric Field and Wave (EFW) instrument is to measure the electric field and density variations [Gustafsson et al., 2001]. The EFW instrument
on Cluster consists of four spherical probes at the end of long wire booms in the spin plane
with a separation of 88 meters between opposite probes. By measuring the potential difference between the probes and spacecraft, EFW can provide electric field data at full resolution
(23 Hz) and spin resolution (0.25 Hz). In this thesis, we mostly use the full resolution electric
field data. Because of the probe failure on some spacecraft, the full resolution data are not
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available in some events.
3. PEACE
The primary objective of Cluster Plasma Electron And Current Experiment (PEACE)
instrument is to measure thermal electron flux at energies between 0.6 eV - 26 keV [Owen
et al., 2001]. PEACE consists of two sensors: the High Energy Electron Analyser (HEEA),
which measures electrons with energy range 30 eV - 26 keV, and the Low Energy Electron
Analyser (LEEA), which measures electrons with energy range of 0.7 eV - 1 keV. The data
set has 12 pitch angle channels and more than 40 energy channels. Both HEEA and LEEA
data are spin resolution, and the time of the two data sets is offset by 2 seconds from one
another since HEEA and LEEA are mounted on opposite side of spacecraft. In this thesis,
PEACE data is used to plot electron velocity distributions, energy vs. time spectrograms,
and pitch angle vs. time spectrograms. More details about data processing will be given in
the following chapters.
4. RAPID
The primary objective of Cluster Research with Adaptive Particle Imaging Detectors
(RAPID) instrument is to measure 3-D energetic electron and ion fluxes in the energy range
above 30 keV [Wilken et al., 2001]. The resolution of RAPID data is spin resolution. In this
thesis, RAPID electron flux data is used as an indicator of suprathermal electron energization.
5. CIS-CODIF
The primary objective of Cluster Ion Spectrometry (CIS) experiment is to analyze the
composition, mass and distribution functions of ions [Reme et al., 2001]. CIS consists of two
different instruments: the Hot Ion Analyzer (HIA) and the ion Composition and Distribution
Function analyzer (CODIF). HIA offers spin resolution data but cannot distinguish different
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ion species, while CODIF can distinguish major ion species, such as H + , He+ , O+ , but the
data resolution is lower. In this thesis, the H + and O+ velocity, density, and flux are used.

1.3

Coordinate Systems

The observation data are presented in Cartesian coordinate systems. An appropriate axis
direction can make the physical phenomena more clear and simplify the data analysis. Here
we introduce the coordinate systems used in this thesis.
1. GSE
The geocentric solar ecliptic system (GSE) has its X-axis pointing from the Earth towards
the Sun and its Y-axis chosen to be in the ecliptic plane pointing towards dusk. Its Z-axis
is parallel to the ecliptic pole. This system is used to study the data controlled by the Sun,
like the IMF, the solar wind, and physics on the dayside of the Earth’s magnetosphere.
2. GSM
The geocentric solar magnetospheric system (GSM) has its X-axis from the Earth to the
Sun. The Y-axis is defined to be perpendicular to the Earth’s magnetic dipole, and the
Z-axis finishes the Cartesian coordinate. It is worth noting that the Z-axis is close to but
not superposed with the northern magnetic pole. The difference between the GSM system
and the GSE is simply a rotation about the X-axis. This system is used to study the data
controlled by the Earth’s dipole, such as the magnetotail. In this thesis, the data are all in
GSM coordinate system unless otherwise noted.
3. LMN
The boundary normal coordinate system (LMN), has its N-axis (often approximately
equivalent to the GSM Z-axis in magnetotail) normal to the boundary of local structure under
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consideration. The L-direction lies along the outflow direction of a reconnection structure,
and M is chosen to make a right handed coordinate system. There is no universal convention
to determine the L and M direction. Usually, people use Minimum Variance Analysis (MVA)
of the magnetic field to determine the LMN unit vectors magnetospheric studies. This
system is used to study the data on the dayside of Earth’s magnetosphere, like high latitude
reconnection. In the magnetotail, the LMN system is also useful when the local current sheet
is tilted by waves.
4. ISR2 / DSI
The EFW instrument only measures the electric field in the spacecraft spin plane. The
Inverted Spin Reference (ISR2) coordinate system, also known as Despun system Inverted
(DSI), is used for the electric field data set. The x-axis is in the spin plane and pointing
sunward. The y-axis is in the spin plane, perpendicular to x-axis, and positive pointing
duskward. The z-axis points in the opposite direction of the spin axis. The difference
between ISR2 and GSE is simply a 2-7 degree rotation around the y-axis, which is to avoid
having the spacecraft shadow on the probes.

1.4

Summary

In this chapter, we introduced the history and progress of studies on magnetic reconnection.
We also introduced the instruments, datasets, and coordinate systems that are used in this
thesis. In chapter 2, we will show three distinct types of inflow electron distributions and
the comparison with PIC simulations. In Chapter 3, we will present various kinds of exhaust
electron distributions, compare them with PIC predictions, and discuss the mechanisms
leading to their formation. In chapter 4, we will explore the 3D structure of magnetic
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reconnection by analyzing a reconnection event with a field re-construction technique. In
chapter 5, we summarize the key discoveries in this thesis.
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Chapter 2
Inflow Electron Distribution
Functions
Electron velocity distributions in the inflow region of magnetotail reconnection have been
reported to be anisotropic with Tek > Te⊥ in previous studies based on only a few events.
In this chapter, we examined 33 reconnection events, and identified 13 unambiguous inflow
region crossings by the Cluster spacecraft within the ion diffusion region of magnetotail
reconnection. The inflow electron distributions are categorized into three distinct types,
characterized by the kind of temperature anisotropy they exhibit: (i) anisotropic with Tek >
Te⊥ , showing either a flat top or pronounced peaks with beam structures in phase-space
density along the Vk direction; (ii) isotropic; (iii) hybrid, consisting of a lower energy (up
to 800 eV) anisotropic population with Tek > Te⊥ and a higher energy (up to a few keV)
isotropic population. Comparisons with a 2D PIC simulation suggest that the isotropic inflow
electrons may be from an early stage of the explosive growth phase, while the anisotropic
inflow electrons can occur any time around or after the middle of the explosive growth phase.
The hybrid inflow distribution is beyond the prediction of the PIC simulation, and may be
evidence of plasma sheet reconnection.
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2.1

Introduction

In only a uniform magnetic field, electrons are magnetized and their velocity distribution
is isotropic. The magnetic moment of an electron is reasonably well conserved when the
frequency of temporal variations in the magnetic field are small compared to the electron’s
gyro-frequency. This conservation is expressed in the first adiabatic invariant:

µ=

mV ⊥ 2
2B

(2.1)

where µ is the magnetic moment of an electron, V⊥ is the electron’s velocity perpendicular
to B, and B is the amplitude of the magnetic field. In reconnection, the first adiabatic
invariant for electrons holds everywhere except the electron diffusion region.

Figure 2-1: The magnetic field configuration (blue) and an inflow electron trajectory (red),
adapted from Egedal et al. [2005].

The magnetic field configuration (blue) in the reconnection region and an inflow electron
trajectory (red) are shown in Figure 2-1. The magnetic field lines in the inflow region
20

form a magnetic bottle so that the amplitude of the magnetic field in the center of the
inflow region is weaker than that toward the two ends of the inflow region. In the course
of convection towards the X-point with the magnetic field, the electron’s trajectory shows
mirror motion. The perpendicular component of particle’s kinetic energy decreases with the
decrease of magnetic field strength according to equation 2.1. Because of the conservation
of kinetic energy, the parallel component of particle’s energy increases accordingly, and the
electron velocity distributions in the inflow region become anisotropic with Tek > Te⊥ . Such
anisotropy in inflow region has been observed in numerous simulations.
In spacecraft observation, the anisotropy of Tek > Te⊥ is considered to be an indicator
of the inflow region after Chen et al. [2008] who established maps of electron distribution
functions in the reconnection inflow, separatrix, and exhaust regions. Nagai et al. [2001]
showed a field aligned electron beam (< 5 keV) streaming toward the neutral plane in
the outermost layer of a reconnection event observed by the Geotail spacecraft. Oieroset
et al. [2002] reported field aligned counter streaming electrons (< 1 keV) near the center
of a diffusion region observed by the Wind spacecraft. These earlier studies however were
not able to identify the inflow region within the ion diffusion region as the location of the
beam distributions. Chen et al. [2008] use electron distribution arrays from the four Cluster
spacecraft and a PIC simulation to map out the inflow and exhaust in an ion diffusion
region containing the X line. The electrons in the inflow region are cold and anisotropic
with Tek > Te⊥ . Egedal et al. [2005, 2008, 2009, 2010a] developed an analytical model for
the parallel electric potential to explain the bidirectional inflow electron structure observed
by Wind. This mechanism has been verified by PIC simulations of magnetic reconnection
with a guide magnetic field [Le et al., 2010] and without a guide field [Egedal et al., 2010a].
In the latter work, Egedal et al. [2010a] extended the analytical model so that it could
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account for large potential amplitudes (eΦk > 10Te , where Te is the electron temperature in
in the ambient plasma), and applied the extended model to explain the anisotropic inflow
distributions reported by Chen et al. [2008]. However, this parallel potential model can only
explain one kind of event.
In this chapter, we show three kinds of inflow electron distributions in 13 inflow regions
encountered by the Cluster spacecraft between 2001 - 2004. The type of inflow distribution is
correlated to the inflow plasma density (nl ), ion outflow velocity (Vi ), and upstream electron
beta (β, which is the ratio of electron thermal pressure over the magnetic pressure). The
criteria for identifying the inflow region are shown in Section 2.2. The electron distributions
observed in the magnetotail reconnection are presented in Section 2.3 and the electron distributions predicted by simulations are in Section 2.4. The results are discussed in Section
2.5.

2.2

Identification of the Inflow Region

Magnetotail reconnection can be identified by the correlated Vix and Bz reversals based on
the 2D picture [Oieroset et al., 2001, 2002]. The quadrupole out-of-plane Hall magnetic
field (By ) in a reconnection event corroborates the identification of the ion diffusion region
[Oieroset et al., 2001]. Eastwood et al. [2010] identified 33 correlated ion flow and magnetic
field reversal events observed by Cluster between 2001-2005. Among the 33 events, 18 ion
diffusion regions have been found. Here we focus on the electron inflow region of the 18 ion
diffusion region crossings.
To distinguish it from the far upstream region that is outside of the local Hall current
system, we define the electron inflow region to be the region inside of the ion diffusion region
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but outside of the electron diffusion region; in this region, ions are decoupled from the magnetic field line and accelerated toward the outflow, while electrons are still magnetized. The
electron inflow region exhibits distinct electromagnetic field and plasma features. Figure 2-2
shows the inflow region in a PIC simulation of reconnection. The key simulation parameters
are mi /me = 400, nb /n0 = 0.05, the upstream electron beta βe∞ = 0.0028, and guide field
Bg = 0. The detailed setup of this simulation will be introduced in Section 2.4.
The top three panels show the simulation results at tΩci =19, which is right after the time
when the reconnection rate peaks. The top panel shows the out-of-plane current density, Jy .
The contours of the out-of-plane magnetic vector potential (Ay ) are overplotted in black. The
following two panels show 1D cuts of the magnetic field, x-component of ion flow (Vix ), and
electric field along z = 20 de , as marked by the white line in the top panel. Sign reversals of
By (blue), Bz (green), and Vix (dashed red) all occur in the inflow region, but not exactly at
the same place. The two sides of this X-line are not symmetric. The slight asymmetry is due
to a magnetic island to the left of the X-line, and the right exhaust is an open outflow. For
near-Earth magnetic reconnection observations by Cluster, sign reversals of By , Bz and Vix
do not necessarily occur at exact same time. The electric field distinguishes the inflow region
from the separatrix region. In the inflow region, Ex is nearly zero, while in the separatrix
region, Ex is much larger. The large value of the electric field in the separatrix region is
from the DC electric field [Wygant et al., 2005; Chen et al., 2008], and the large fluctuation
of the electric field has been reported to be a signature of the separatrix region in previous
observation studies [Andre et al., 2004; Khotyaintsev et al., 2006; Chen et al., 2009; Farrugia
et al., 2011]. The bottom panel shows the temporal profile of the electron temperature
ratio (Tek /Te⊥ ) at different distances above the X-point, accompanied by the profile of the
reconnection electric field (Ey ). The value of Tek /Te⊥ shows distinct evolution stages. Before
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Figure 2-2: Particle-In-Cell simulation showing the electromagnetic field and plasma properties in the reconnection inflow region. From top to bottom are: (a) the out of plane current
density (Jy ) at tΩci = 19, which is right after the time of peak reconnection rate; (b) the
magnetic field, ion outflow velocity; (c) electric field along z=20 de , which is marked by
a horizontal white line in the top panel. In the inflow region the Hall magnetic field (By ),
reconnected magnetic field (Bz ), and ion outflow velocity (Vix ) reverse signs. Ex in the inflow
region is smaller than in the separatrix region. Panel (d) shows the temporal profile of the
electron temperature ratio (Tek /Te⊥ ) at different distances above the X-point, accompanied
by the profile of reconnection electric field (Ey ).
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the reconnection onset, the electrons are isotropic with Tek /Te⊥ = 1. After tΩci = 15, the
reconnection rate increases exponentially, and the electron temperature anisotropy arises.
At the time of the reconnection rate maximum, Tek /Te⊥ begins to increase at z = 1di (20
de ) above the X-point, reaching a value of Tek /Te⊥ ∼ 3.5 at tΩci =19. The second stage of
the Tek /Te⊥ increase occurs from tΩci =20 to 23, where Tek /Te⊥ reaches ∼ 6 for 1 di above
the X-point. After tΩci =23, Tek /Te⊥ reaches its third evolution take, and the Tek /Te⊥ ratio
at 1 di above the X-point increase to ∼15.
According to the features of the inflow region discussed above, we list the criteria for
identifying inflow regions in observation data here:
1. Ion outflow reversal
As shown in Figure 2-2, the inflow region is between the two outflow jets. If the spacecraft crosses the inflow region along the white line, it would detect the opposite directed
outflow jets. The trajectory of spacecraft crossing the reconnection site is usually earthward/tailward, which is parallel to the white line. In the magnetotail, the reconnection site
usually move earthward/tailward on the scale of 100 km/s, while the spacecraft velocity is
10 km/s.
2. Bz reversal
In the magnetotail, Bz represents newly reconnected field lines. In the quiet time current
sheet without reconnection, Bz is zero. The sign of Bz on the earthward (tailward) side of
the inflow region is positive (negative). When spacecraft cross an inflow region along the
white line in Figure 2-2, it should observe Bz reversal.
3. By reversal
The quadrupole Hall magnetic field in the dawn-dusk direction (Y in GSM) is a signature
of the ion diffusion region. When spacecraft cross an inflow region along the white line in
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Figure 2-2, they should observe a By reversal.
4. Smaller and less fluctuating electric field compared to the separatrix region
The highly fluctuating electric field is a signature of the separatrix region, which is the
boundary between the inflow and outflow regions. When spacecraft cross an inflow region
along the white line in Figure 2-2, the interval between the two fluctuating electric field
regions is the inflow region.
Thirteen electron inflow region encounters are identified from the diffusion regions found
by Eastwood et al. [2010]. Other diffusion region events do not have inflow region encounters
or lack electron distribution data. The electron distributions in the inflow region exhibit
distinct anisotropic features. Seven of them are anisotropic, four of them are isotropic, and
two of them show hybrid distributions, with a low energy anisotropic population and a high
energy isotropic population.

2.3
2.3.1

Inflow Electron Distributions
Anisotropic Inflow Distribution

First we show a reconnection event with typical anisotropic electron distributions in the
inflow region. Figure 2-3 shows an overview of electromagnetic fields and plasma data in a
reconnection event between 08:15:30 UT - 08:18:30 UT on 21 August 2002. The top three
panels are the three components of magnetic fields at the four spacecraft. Data from Cluster
1 (C1), C2, C3, and C4 are shown in black, red, green, and blue, respectively. The following
panel shows the x−component of H + ion bulk flow, Vix , at C1, C3, and C4. The bottom
three panels show the spin resolution electric field at C1, the full resolution electric field at
C2, and the electron temperature at C2. Ex and Ey are plotted in black and red, Tek and Te⊥
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Figure 2-3: Electromagnetic field and plasma data of a reconnection event on 21 August
2002 showing that C1 crosses the inflow regions between 08:16:23 UT - 08:16:35 UT and
08:16:59 UT - 08:18:03 UT, in which By , Bz , and Vix reverse signs. The electric fields are
relatively quieter and smaller than in the separatrix region. The electron temperature in
the inflow region is lower than in the exhaust region, while Tek /Te⊥ reaches 3. From top to
bottom are: the three magnetic field components measured by the four spacecraft (C1 in
black, C2 in red, C3 in green, and C4 in blue); Vix at C1, C3, and C4; spin resolution electric
field at C1 (Ex in black, Ey in red), full resolution electric field at C2; electron temperature
at C2 (Tek in black, Te⊥ in blue), and Tek /Te⊥ in red.
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are plotted in black and blue, and the temperature ratio, Tek /Te⊥ , is plotted in red. In this
event, C2 and C4 are in the north edge of the reconnection site. Bz at all spacecraft reverse
signs from negative to positive at the two ends of Figure 2-3. Bx at C2 and C4 are about
30 nT and Vix at C4 is nearly zero. C1 and C3 crossed the reconnection site earthward. C1
was on the north side of reconnection structure and C3 was on the south side. C1 observed
an ion flow reversal from tailward to earthward with a smaller flow reversal from earthward
to tailward in the center, indicating that C1 crossed the reconnection structure earthward.
Between 08:16:23 UT - 08:16:35 UT and 08:16:59 UT - 08:18:03 UT, C1 crossed the
inflow region. By and Bz show correlated sign changes. The reconnection electric field (Ey )
is steady at about 5 mV/m, and Ex is nearly zero. The full resolution electric field data and
spin resolution electron temperature data at C1 are not available in this event, so we use
data at C2 as a reference for C1. C2 was on the north side of the reconnection structure, and
was further away from the neutral plane than C1. C2 encountered the inflow region between
08:16:00 UT - 08:16:45 UT and 08:17:07 UT - 08:18:45 UT. In the inflow regions, By and Bz
transition from negative to positive. Ey fluctuates less and centered at about 5 mV/m , and
Ex is small and quiet. The electron temperature in the inflow region exhibits strong pressure
anisotropy so that the ratio of Tek /Te⊥ is up to 4. By , Bz and Vix at C3 reverse signs near
08:18:15 UT. In the tailward flow region, the amplitude of Vix at C3 is correlated with the
amplitude of Bx . When the amplitude of Bx is less then 10 nT, Vix is 1000 km/s, indicating
C3 is close to the neutral plane and observed the outflow jet. When the amplitude of Bx is
greater than 20 nT, Vix is nearly zero, indicating C3 is out of the outflow region.
Figure 2-4 shows the spacecraft configuration, the 1D cuts of the electron distribution
at C1 at 08:17:59 UT, and the electron distribution array at 08:16:25 UT, 08:16:59 UT, and
between 08:17:59UT - 08:18:05 UT, which is marked by dashed red line and box in Figure 2-3.

28

The electron distributions are sorted according to the north to south position of spacecraft
along the z direction. At 08:16:25 UT, C4, C2, and C1 are in the north inflow region, and
the anisotropy of electron distributions increases when spacecraft are closer to the neutral
plane, which is consistent with the previous study by Chen et al. [2008]. At 08:16:59 UT and

Figure 2-4: The spacecraft configuration and electron distribution array showing that C1
observes anisotropic electron distributions in the inflow region. The top panels show the
spacecraft configuration and 1D cuts of the electron distribution at C1 at 08:17:59 UT. The
bottom panels are the electron distribution arrays at 08:16:25 UT, 08:16:59 UT, and between
08:17:59UT - 08:18:05 UT, which is marked by dashed red lines and box in Figure 2-3.
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08:18:03 UT, the electron distributions at C1 show a significant transition between a cold
anisotropic population and an energetic population, indicating C1 entered and exited the
inflow region. The 1D cuts of the electron distribution at C1 at 08:16:27 UT are shown in the
right top corner. Each distribution has electron flux from 12 pitch angle channels. In this
thesis, we define the electron flux in parallel direction as the electron flux between 0

◦

and

30◦ , noted as 0 in the 1D cuts plot. The perpendicular component is between 60◦ and 120◦ ,
noted as 90. The antiparallel component is between 150◦ -180◦ , noted as 180. The 45 and
135 components in 1D cuts represent the electron flux between 30◦ -60◦ and between 120◦ 150◦ , which is used as the control group to show parallel and perpendicular enhancement.
The electron phase space density at 0, 45, 90, 135, and 180 components are shown in black,
green, red, cyan and blue, respectively. The parallel component is more than one order of
magnitude larger than the perpendicular component at velocities greater than 1×104 km/s,
indicating strong parallel anisotropy.
Most of the anisotropic inflow electron distributions have flat top profile in parallel and
antiparallel direction, as shown in Figure 2-4. However, about 15% of the anisotropic inflow
electron distributions exhibit counter streaming beams in the parallel and anti-parallel direction, as shown in Figure 2-5. The left side shows the electron distribution observed by C4
between 09:48:23 UT - 09:48:25 UT on October 1, 2001, and the right side shows the electron
distribution observed by C3 between 08:16:29 UT - 08:16:31 UT on August 21, 2002. From
top to bottom are 2D electron distribution and 1D cuts of the electron distribution in the
red box. The cuts in Figure 2-5 show clear peaks in the antiparallel direction in both events,
indicating a beam structure in the parallel direction. The beam structure may not result
from the parallel potential, which produces the flat top inflow distribution. The magnetic
field and electron distribution array show that these beam structures are close to the sepa-
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ratrix [Chen et al., 2008]. However, the beam populations are not simply the electron flow
toward the X-point along the separatrix. First, the beams are observed both in parallel and
anti-parallel direction at 09:48:25 UT on October 1, 2001 (left bottom corner of Figure 2-5).
Second, the beam structure is not continuous in space and does not become stronger in the
inflow electron distributions closer to the separatrix. One possible explanation is that the
beams are passing population which would not go to the inflow region. The mechanism of
such beam structures may be unveiled in a future kinetic simulation.

Figure 2-5: Counter-streaming beams in an anisotropic inflow distributions. The left side
shows the spacecraft configuration, electron distributions between 09:48:23 UT - 09:48:25
UT, and 1D cuts of the electron distribution at 09:48:25 UT. The right side shows the
spacecraft configuration, electron distributions between 08:16:29 UT - 08:16:31 UT, and 1D
cuts of the electron distribution at 08:16:31 UT.
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2.3.2

Isotropic Inflow Distribution

Figure 2-6: Electromagnetic field and plasma data of a reconnection event on 10 September
2001 showing that C3 crosses the inflow region between 07:56:10 UT - 07:56:45 UT, during
which By , Bz , and Vix reverse signs. The electric fields are relatively quieter and smaller than
in the separatrix region. From top to bottom are: the three components of the magnetic
field at the four spacecraft (C1 in black, C2 in red, C3 in green, and C4 in blue); Vix at
C1, C3, and C4; full resolution electric field at C3 and C2 (Ex in black, Ey in red); electron
temperature at C2 (Tek in black, Te⊥ in blue); and Tek /Te⊥ in red.

In addition to the anisotropic inflow electron distributions predicted by the theory, we
show in this section that the inflow electron distribution can also be isotropic. Figure 2-6
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shows an overview of the electromagnetic field and plasma data in a reconnection event
between 07:55:00 UT - 07:58:00 UT on 10 September 2001. From top to bottom are: three

Figure 2-7: The spacecraft configuration and electron distribution array showing that C3
observes isotropic electron distributions in the inflow region. The top panels show the spacecraft configuration and 1D cuts of the electron distribution at C3 at 07:56:34 UT. The bottom
panels are the electron distribution arrays at 07:55:39 UT, 07:56:29 UT, and 07:57:35 UT,
which is marked by dashed red lines in Figure 2-6.
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components of the magnetic field at four spacecraft, Vix at C1, C3, and C4, full resolution
electric field at C3 and C2, and electron temperature at C2. In this event, spacecraft cross
the reconnection structure earthward since Bz at all spacecraft reversed sign from negative
to positive and Vix reverse signs from tailward to earthward. According to the sign of Bx , C1,
C2, and C4 are on the north side of the reconnection site, and C3 is on the south side. All
spacecraft observed the quadrupole Hall magnetic field: C1, C2, and C4 saw By reverse sign
from negative to positive, and C3 saw By reverse sign from positive to negative. According
to the criteria for identifying the inflow region discussed previously, the inflow region interval
observed by C1 and C4 is between 07:56:10 UT - 07:57:05 UT. The inflow region interval
observed by C2 is between 07:55:20 UT - 07:56:25 UT, and the inflow interval observed by
C3 is between 07:56:00 UT - 07:56:45 UT. The electric fields in the inflow region are smaller
and nonfluctuating compared with the electric field in the separatrix region. The electron
temperature data at C2 around 07:55:30 UT show that the electron temperature is about
100 eV and the temperature ratio is close to one.
Figure 2-7 shows the spacecraft configuration, the 1D cuts of the electron distribution at
C3 at 07:56:34 UT, and the electron distribution arrays at 07:55:39 UT, 07:56:29 UT, and
07:57:35 UT, which are marked by dashed red lines in Figure 2-6. C3 is 1500 km (∼4di ) south
of the other spacecraft, and C2 is 4di duskward of the other spacecraft. At 07:55:39 UT, C2
is in the inflow region and the distributions are cold and isotropic. C1, C4 and C3 are in the
outflow region with hotter and isotropic distributions. At 07:56:29 UT, C1, C4, and C3 are
in the inflow region, the distributions are cold and isotropic. The electron distribution at C2
shows a beam structure in the antiparallel direction. The electron distribution at this time
was reported to be in the current sheet close to the separatrix because of its suprathermal
electron jet away from the X-point [Wang et al., 2010]. At 07:57:35 UT, all spacecraft are
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in the outflow region, and the electron distributions are hotter and isotropic. The 1D cuts
of the electron distribution at C3 at 07:56:34 UT are shown in the top right corner. The
parallel and perpendicular components of the electron flux are nearly the same, indicating
an isotropic inflow distribution.

2.3.3

Hybrid Inflow Distribution

The inflow distribution can also be hybrid, consisting of a lower energy anisotropic population
with Tek > Te⊥ and a higher energy isotropic population. Figure 2-8 shows an overview of
the electromagnetic field and plasma data in a reconnection event between 17:27:00 UT 17:32:00 UT on 18 August 2002. From top to bottom are: three components of the magnetic
field at the four spacecraft, Vix at C1, C3, and C4, full resolution electric field at C2 and C4,
and electron temperature at C2. Between 17:28:55 UT - 17:29:40 UT, C2 is in inflow region.
By and Bz show corresponding sign changes. The electric field is small and nonfluctuating.
From the time sequence of By and Bz sign changes at C2, C1, and C4, we expect that the ion
flow at C2 also reverses sign in this interval too. C1 and C4 do not cross the inflow region
in this event. The amplitudes of Bx at C1 and C4 are -7 nT and -1 nT, indicating they are
very close to the neutral plane. The By profiles at C1 and C4 are more complicated than
C2, evidence for a complicated magnetic field structure in the inner diffusion region. The
electric field at C4 is larger and fluctuates more than the electric field at C2, indicating the
location of C4 is different from C2. The bottom panel shows the temperature and Tek /Te⊥
at C2. The electron temperature in the inflow region is smaller than the outflow region.
Tek /Te⊥ in the inflow region is 1.2, while Tek /Te⊥ in the tailward outflow region is about 1.
The anisotropy in the outflow region will be discussed in Chapter 3.
Figure 2-9 shows the spacecraft configuration, the 1D cuts of the electron distribution at
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C2 at 17:29:03 UT, and the electron distribution arrays at 17:28:12 UT, 17:29:00 UT, and
17:31:00 UT, which are marked by dashed red lines in Figure 2-8. At 17:28:12 UT, C1, C2,

Figure 2-8: Electromagnetic field and plasma data of a reconnection event on 18 August
2002 showing that C2 crosses the inflow region between 17:28:55 UT - 17:29:40 UT, in which
By , Bz , and Vix reverse signs. The electric fields are relatively quieter and smaller than in
the separatrix region. The electron temperature is lower in the inflow region than in the
exhaust region, while the Tek /Te⊥ is 1.2. From top to bottom are: the three components of
the magnetic field at four spacecraft (C1 in black, C2 in red, C3 in green, and C4 in blue);
Vix at C1, C3, and C4; full resolution electric field at C2 and C4 (Ex in black, Ey in red);
electron temperature at C2 (Tek in black, Te⊥ in blue), and Tek /Te⊥ in red.
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Figure 2-9: The spacecraft configuration and electron distribution arrays showing that C2
observes hybrid electron distributions in the inflow region. The top panels show the spacecraft configuration and 1D cuts of the electron distribution at C2 at 17:29:03 UT. The bottom
panels are the electron distribution arrays at 17:28:12 UT, 17:29:00 UT, and 17:31:00 UT,
which is marked by dashed red lines in Figure 2-8.
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and C4 are in the tailward outflow region, and observe hot and nearly isotropic distributions.
At 17:29:00 UT, C1 and C4 are in the outflow region, and the electron distributions are still
hot and isotropic. C2 is in the inflow region and observes a hybrid type electron distribution,
which consists of a lower energy anisotropic population with Tek > Te⊥ and a higher energy
isotropic population. At 17:31:00 UT, C1, C2, and C4 are in the earthward outflow region
and they measure electron distributions that are hot with a slight field aligned anisotropy.

2.3.4

Statistical Results

We have shown three distinct types of electron distributions in the inflow region of magnetotail reconnection. In this section, we will qualitatively analyze the correlation between the
type of electron distribution and the magnetic field and plasma parameters in reconnection.
The results are shown in Table 2.1, which includes: the type of inflow electron distribution,
the amplitude of the upstream magnetic field (B), the upstream electron beta (β), the upstream proton density (nu ), the local electron density in the inflow region (nl ), the upstream
ion Alfvén velocity (VA ), the proton outflow velocity (Vi ), the ratio of proton outflow velocity
to the upstream ion Alfvén velocity (Vi /VA ), the ion skin depth (di ), and the inflow electron
temperature ratio (Tek /Te⊥ ). The upstream region termed here is referring to a region in the
compressed plasma sheet which is ready for reconnection. In this upstream region during
the interval up to one hour before the reconnection event, the magnetic field is intensified
and steady, and the ion density is steady. These parameters are plotted in Figure 2-10, in
which the anisotropic inflow events are denoted by black diamonds, the hybrid inflow events
by red squares, and the isotropic inflow events by blue triangles.
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Table 2.1: Types of inflow electron distributions measured by Cluster at flow reversals in magnetotail reconnection
Date
Start Time End Time Distribution B
β
nu
nl
VA
Vi
Vi /VA di Tek /Te⊥
2001/08/22
09:50:00
09:57:00
anisotropic 28 0.02 0.13 0.1 1600 1100 0.69 600
1.6
2001/09/15
05:01:00
05:04:30
anisotropic 30 0.06 0.6 0.05 900 1150 1.28 300
4
2001/09/15
05:05:00
05:08:00
anisotropic 30 0.06 0.6 0.1 900 1100 1.22 300
1.5
2001/10/01
09:47:00
09:49:00
anisotropic 40 0.05 0.25 0.05 1500 1100 0.73 450
4
2002/08/21
08:00:00
08:09:00
anisotropic 30 0.2 0.25 0.05 1300 1150 0.88 425
5
2002/08/21
08:14:00
08:19:00
anisotropic 30 0.2 0.25 0.05 1300 1300
1
425
4.5
2004/09/14
23:04:00
23:06:00
anisotropic 17
1
0.25 0.05 700 800
1.14 450
2.25
2001/08/22
09:43:00
09:45:00
isotropic
28 0.02 0.13 0.8 1600 800
0.5
600
1.05
2001/09/10
07:54:00
07:58:00
isotropic
16 0.1 0.4 0.65 500 400
0.8
350
1.1
2001/10/11
03:28:00
03:37:00
isotropic
22 0.1 0.15 0.2 1200 700
0.58 600
1.05
2002/09/18
13:09:00
13:15:00
isotropic
22 0.1 0.25 0.3 800 350
0.44 450
1.1
2002/08/18
17:07:00
17:09:00
hybrid
18 0.2 0.25 0.2 850 500
0.59 500
1.4
2002/08/18
17:28:00
17:32:00
hybrid
18 0.2 0.25 0.2 850 800
0.94 500
1.4
B is the amplitude of upstream magnetic field, in units of nT; β is the upstream electron beta; nu is the upstream plasma
density, in units of 1/cm3 ; nl is the local inflow plasma density, in units of 1/cm3 ; VA is the upstream Alfvén velocity, in units
of km/s; Vi is the peak ion outflow velocity, in units of km/s.

Figure 2-10: The summary plot of all 13 inflow region events qualitatively shows the correlation between plasma parameters and inflow distributions. The anisotropic inflow events are
plotted as black diamonds, the hybrid inflow events as red squares, and the isotropic inflow
events as blue triangles. The left column panels are the local electron density in the inflow
region (nl ), the amplitude of the upstream magnetic field (B), and the upstream proton
density (nu ). The middle column panels are the inflow electron temperature ratio (Tek /Te⊥ ),
the upstream electron beta (β), and the ion skin depth (di ). The right column panels are
the proton outflow velocity (Vi ), the ratio of the proton outflow velocity to the upstream ion
Alfvén velocity (Vi /VA ), and the upstream ion Alfvén velocity (VA ).

There are seven events with anisotropic inflow distributions, four events with isotropic
inflow distributions, and two events with hybrid inflow distributions. The local electron
density in the inflow region (nl ) is quite different depending on the event. It is less than
0.1 in the anisotropic events, yet greater than 0.2 in the isotropic events. nl for the hybrid
events is in-between other two categories of events. The inflow electron temperature ratio
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(Tek /Te⊥ ) is the parameter we used to distinguish the different event categories. Tek /Te⊥ is
great than 1.5 in the anisotropic events, Tek /Te⊥ is close to 1 in the isotropic event, and
Tek /Te⊥ in the inflow region is between the other two event categories. The amplitude of the
upstream magnetic field (B) is greater than 30 nT in anisotropic events, while B is less than
30 nT in other two event categories. The upstream electron beta (β) also shows a trend in
that it is less than 0.05 in anisotropic events and greater than 0.1 in the other two event
categories. The proton outflow velocity (Vi ) is greater than 1100 km/s in anisotropic events,
and is less than 800 km/s in the other two categories of events. Vi /VA is greater than 0.7
in anisotropic events, while Vi /VA is smaller than 0.6 in isotropic events. nu does not show
clear dependence on the kind of inflow distribution. di and VA also do not appear to be
correlated with the type of inflow distribution since they depend on B and nu .

2.4

Inflow Electron Distributions in Simulations

To understand these distinct types of inflow electron distributions, we compare the observations with the electron distributions in a kinetic simulation.

2.4.1

Simulation Setup

The following 2D, undriven, open boundary Particle-In-Cell (PIC) simulation solves the
equations of motion for individual particle and Maxwell’s equations self-consistently [Daughton
et al., 2006; Bowers et al., 2008; Chen et al., 2012; Shuster et al., 2014]. The simulation begins from an initial Harris current sheet with Bx = B0 tanh(z/L), where B0 is the amplitude
of the asymptotic magnetic field, and L is the half width of the current sheet. The number
density of the current sheet is given by n(z) = n0 sec2 (z/L) + nb , where n0 is the initial

41

density of the current sheet and nb is the background density. The simulation domain is
Lx ×Lz = 80di ×20di resolved into 10,240×2560 cells with 600 particles per cell, where di
is the ion skin depth based on n0 . The simulation parameters are: the electron plasma to
cyclotron frequency ratio ωpe /Ωce =2, ion to electron mass ratio mi /me = 400, ion to electron
temperature ratio Ti /Te = 5, background to current sheet temperature ratio Tb /T0 = 1/3,
L/di = 0.5, nb /n0 = 0.05, and upstream electron beta βe∞ = 0.0028, and guide field Bg = 0.
In the simulation, velocities are normalized to the speed of light, lengths to the electron
skin depth de , magnetic field strengths to B0 , and times are reported in units of Ω−1
ci (where
Ωci is the ion cyclotron frequency). Each simulation electron velocity distribution represents
electrons from a 2de ×2de bin.

2.4.2

Inflow Distributions

Figure 2-11 shows the reconnection rate profile of this simulation run. We choose the time
at tΩci = 13, 17, 19, and 22 to study inflow electron distributions. They represent the early
stage, explosively growth phase, time right after peak reconnection rate, and well developed
stage of reconnection.
Figure 2-12 shows the simulation results. The top four panels are the ion outflow velocity
at tΩci = 13, 17, 19, and 22, as noted in the upper righthand corner of each panel. As time
advances, the reconnection structure grows and the ion outflow velocity increases. Note that
the color scale at tΩci = 13 is one order of magnitude less than the other times. The inflow
electron distributions at these four times and different z locations are shown at the bottom
of Figure 2-12. At tΩci = 13, 17, and 19, the electron distributions are taken at 5, 15, and
25 de above the X-point. At tΩci = 22, the electron distributions are taken at 10, 20, and
30 de above the X-point, since the electron diffusion region has increased in size by this
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time. The anisotropy of the distributions increases as the position approaches the X-point.
The electron distributions are isotropic at tΩci = 13, a time before the exponential increase
of the reconnection rate. At the explosive growth phase, tΩci = 17 and 19, the electron
distributions become highly anisotropic. The perpendicular spread of the inflow distribution
at tΩci = 19 is even less than that at tΩci = 17, indicating that the anisotropy in the inflow
region continues to increase as time advances.
A particle tracing technique is employed to analyze the energization process of these
electron distributions. We assume the magnetic field and electric field are stationary and
pick representative electron velocities from the distributions in Figure 2-12. Then we trace

Figure 2-11: The reconnection rate profile. We choose the time at tΩci = 13, 17, 19, and
22 to study inflow electron distributions. They represent the early stage, explosively growth
phase, time right after peak reconnection rate, and well developed stage of reconnection.
Figure adapted from Shuster et al. [2014].
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the electron’s trajectory backward in time to study how the electron’s energy changes. We
traced thousands of electrons in inflow distributions at different time and locations, and
found that the electron energy is correlated with the length of trajectory in parallel electric
field. We show the electron distribution at x = 849, z = 5 de at tΩci = 19 for example.
Figure 2-13 shows the trajectories of three representative electrons. The top panel shows the
electron trajectories on top of Ek (the parallel electric field) in the reconnection region, where
parallel means parallel to the magnetic field direction. Ek in the upstream region shows a
wave like alternating electric field, which might be caused by artificial effects in simulation.
Within 10 de from the separatrix, Ek becomes strong and its direction is away from X-point.

Figure 2-12: The inflow electron distributions at four different times indicate the temporal
and spatial evolution. The top four panels are the ion outflow velocity at tΩci = 13, 17, 19,
and 22. The bottom panels are inflow electron distributions taken from the white dots in
the top panels. The time and position are noted in each distribution panel.
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The amplitude of Ek increases for positions closer to the X-point. The bottom panel shows
the profiles of electrons’ energy plotted against their x positions.

Figure 2-13: The particle tracing results indicating electron energization mechanism in inflow
region. The top panel is Ek and the electron trajectories are plotted on top of it. The bottom
panel is the electron energy versus its x position. Particle 1 represents the most energetic
population, which is plotted in black; particle 2 represents the medium energetic population,
which is plotted in blue; particle 3 represents the low energy population, which is plotted in
white in top panel and red in bottom panel.

Particle 1 represents the most energetic electron, whose velocity is (Vx , Vy , Vz ) = (0.466, 0.159, -0.068) in electron distribution at x = 849, z = 5 de . The trajectory and energy curve
are plotted in black. The electron mainly streams along the magnetic field line towards
X-point. The bottom panel shows that this electron’s energy increases gradually and its
energy is nearly three times its initial energy by the time it reaches the center of reconnection
structure. Since Ek points opposite to the electron’s velocity along most of its trajectory,
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the electron is nearly continuously accelerated by Ek .
Particle 2 represents the electrons with moderate energy, whose velocity is taken to be
(Vx , Vy , Vz ) = (0.318, -0.183, -0.064) in electron distribution at x = 849, z = 5 de . The trajectory and energy curve are plotted in blue. The electron bounces back and forth in the inflow
region and convects towards the X-point. The electron trajectory has three sections. In the
first segment with z position between 40 - 50 de , the energy is nearly unchanged, indicating
that the dominant mechanism in this segment is the conservation of first adiabatic invariant.
During the mirror motion, the total energy does not change while the energy conversion
occurs between the parallel and perpendicular components. In the section segment with z
position between 20 - 40 de , the electron energy reaches peak in the center and decreases to
lower energy before bouncing. The increase and decrease of total energy indicates that Ek
starts to play an important role in the electron’s energization. The electron energy at the
end of the second segment is smaller than at the beginning. At the beginning and end, the
parallel velocity of the electron is zero, while the perpendicular velocity is correlated with
the amplitude of magnetic field. With the convection of magnetic field, the amplitude of
magnetic field at the end of the segment is smaller than at the beginning, so the perpendicular energy is smaller. In the third segment, the electron is accelerated along the magnetic
field line. Compared with the previous test electron, the acceleration distance is shorter, so
the energy increase in the potential well is less.
Particle 3 represents the electron with low energy, whose velocity is (Vx , Vy , Vz ) = (0.040,
0.038, -0.087) in the electron distribution at x = 849, z = 5 de . Its trajectory is plotted
in white in the top panel and and its energy curve is plotted in red in the bottom panel.
The electron streams toward the X-point without mirror motion. The decrease of energy is
mainly due to the decrease of perpendicular velocity in weaker magnetic field. The parallel
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velocity does not increase accordingly. One possible explanation is that the complicated
small Ek structure in the upstream region may decelerate and cool down the electrons.

2.5

Discussion

In previous sections, we have shown that the inflow electron distributions in magnetotail
reconnection can be classified into three categories according to different anisotropic features.
The type of inflow distribution is qualitatively correlated to inflow plasma density, ion outflow
velocity, and upstream electron beta.
The comparisons of electron distributions in the observations and the simulation show
that the anisotropy of electron distributions is correlated to different evolutionary stages of
reconnection. Before the reconnection starts, the electron distributions are simple, isotropic
Maxwellian distributions. At the early stage of reconnection, the X-line is formed and Hall
current arise. The low energy electrons show slight anisotropy while the overall distribution
is isotropic. The electron distribution is relatively cold and the ion outflow velocity is small.
As reconnection develops, the anisotropy continues to increase and the distribution becomes
a hybrid type, which consists of both a low energy anisotropic component and a high energy
isotropic component. The electron distributions become hotter and outflow ions are more
energetic. In a well developed reconnection structure, the inflow electron distribution is
anisotropic while the isotropic high energy population disappears. The outflow ion velocity
exceeds the Alfvén speed.
Wang et al. [2010] studied the electron distribution in the vicinity of a X-line during
magnetotail reconnection and found that the low energy (<100 eV) electrons are field-aligned,
bidirectional, and anisotropic, while higher energy electrons are isotropic. In this thesis,
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we showed the electron distribution plots and 1D cuts for the same event, and the electron
distributions are more likely isotropic. However, we also showed hybrid electron distributions
from another event in Section 2.3.3. Egedal et al. [2008, 2010a] showed that the parallel
electric field and conservation of the magnetic moment result in the anisotropy of electron
distributions. In the early stage of reconnection, the parallel electric field may play a more
important role than mirror motion in trapping electrons in the inflow region. The magnetic
mirror affects particles at all energies, while the low energy electrons form the anisotropic
component of the early stage distributions.
An alternative explanation of the hybrid inflow electron distribution is plasma sheet reconnection. According to different sources of inflow populations, we split magnetotail reconnection into lobe reconnection and plasma sheet reconnection. The initial condition is usually
a di scale current sheet with current sheet density n0 and the background density nb <0.1n0 .
The reconnection rate increases exponentially after the onset of reconnection, and the inflow
electron distributions become anisotropic quickly. In plasma sheet reconnection, the inflow
population is from the plasma sheet which is denser and hotter than the lobe population.
When reconnection occurs, the low energy population starts to show anisotropic features
due to the parallel electric field, while the high energy population still remain isotropic. In
substorm events in the magnetotail, the RE scale plasma sheet is compressed to di scale
and reconnection occurs spontaneously. The threshold current sheet thickness required for
reconnection onset is still an open question, and it is possible that reconnection happens
when the current sheet is still quite thick. One piece of evidence supporting plasma sheet
reconnection comes from the inflow density. In hybrid inflow regions, the plasma density is
comparable to the upstream plasma sheet density, while in anisotropic inflow regions, the
plasma density is one order of magnitude smaller than the upstream plasma sheet density.
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In magnetotail reconnection events observed by Cluster, Chen et al. [2008] showed that
electron distributions are anisotropic in the inflow region and that the degree of anisotropy
decreases when spacecraft are further from the neutral plane. However, the isotropic inflow
distributions shown in this thesis are not just due to increasing distance from the X-point.
First, all events in Table 2.1 exhibit clear Hall By reversals, which is the signature of the ion
diffusion region. Thus, the spacecraft in these inflow events were not too far from the neutral
plane. Second, the electron distributions do not show increasing anisotropy at spacecraft
move closer to the neutral plane; distributions just become hotter. This indicates that the
parallel electric field and magnetic mirror are too weak to change the anisotropy of the
electron distributions. Third, the electron distributions in outflow region are correlated with
electron distributions in the inflow region. The isotropic inflow distributions correspond to
cold and isotropic outflow distributions, while the anisotropic inflow distributions correspond
to hot and isotropic outflow distributions. So the isotropic inflow events are either at the
early stage of reconnection or a specific type of reconnection.
Particle energization is a very important regime in the study of magnetic reconnection.
In the result section, we have showed that the ion outflow velocity (Vi ) is greater than 1100
km/s in anisotropic inflow events, while Vi in other categories of events is much smaller.
The amplitude of the upstream magnetic field (Bu ) in anisotropic events is about 30 nT,
which much stronger than Bu in other categories of events. This indicates that magnetic
fields in the current sheet are highly compressed and strong magnetic flux is available to be
reconnected. The local density in the anisotropic inflow region is less than 0.1/cm3 , which
is much smaller than the other two categories of regions. One qualitative explanation of
more energetic ion outflow jets in anisotropic inflow events is that there are fewer particles
to receive the magnetic energy released during the reconnection of magnetic flux, so those
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particles can be accelerated more overall. Wu et al. [2011] studied the effect of varying the
inflow density on ion outflow velocity in PIC simulations. By reducing the inflow density
(nb ) from 1 to 0.01 times the current sheet density (n0 ), the maximum ion outflow velocity
increases monotonically. The maximum ion outflow velocity with nb = 0.01 n0 is about ten
times the velocity with nb = n0 . This trend is consistent with the observation results in this
chapter that smaller inflow densities correspond to larger outflow velocities. Wu et al. [2011]
also quantitatively showed that the maximum ion outflow velocity linearly scales with the
upstream Alfvén speed at different inflow densities, such that Vi = 0.4 VA , where the VA is
based on the magnetic field and density in the upstream edge of ion diffusion region. Since
p
VA ∝ 1/n, if we determine VA based on the current sheet density, the ratio of Vi /VA would
be greater than one for small inflow density and would be 0.4 for nb = n0 . This result is
consistent with observation. In the result section, we chose the current sheet adjacent to the
reconnection site as the upstream region. The Alfvén speed is based on the amplitude of the
magnetic field and ion density in the upstream region. The ion outflow velocities vary from
0.44 to 1.28 times the upstream Alfvén speed. In anisotropic inflow events, the ion outflow
velocities are greater than the upstream Alfvén speed, which implies that reconnection is
well developed. In isotropic inflow events, the ion outflow velocities are less than 0.6 times
the upstream Alfvén speed, which may correspond to early stage reconnection events. There
are several anisotropic inflow events with Vi < VA , which can result if spacecraft does not
cross the most energetic section of the outflow jet.
The upstream electron beta also shows a correlation with different electron distributions.
For the inflow region with an anisotropic distribution, the upstream electron beta is less than
0.1. Egedal et al. [2009, 2012] shows that the small electron beta can help produce large
parallel potentials, which can accelerate electrons to suprathermal energy levels. However,
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even if this parallel electric potential works effectively for electrons, it may not be as effective
for positively-charged ions. In our statistical result, the outflow ion velocity is larger when
the upstream electron beta is smaller. The question of how the upstream electron beta
affects particle energization in reconnection still remains open.
The upstream ion density does not show clear dependence on different categories of
inflow distributions. However, in simulations, the initial current sheet density and boundary
conditions can affect the simulation results significantly. Since the upstream data are taken
in an interval before the reconnection event interval, these upstream data may not directly
relate to the reconnection. The MMS mission has higher resolution measurements which
can help elucidate the fine structure of reconnection region. A more accurate location of
the upstream regions may help reveal the correlation between upstream parameters and
reconnection features.
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Chapter 3
Outflow Electron Distribution
Functions
Electrons in the outflow region of reconnection were considered isotropic. Recent simulation
work showed that the electron distributions can be highly structured after peak reconnection
rate, and one observation example was presented [Shuster et al., 2014]. In this chapter, we
show distinct types of electron distributions in the outflow region of magnetotail reconnection, compare them with results of PIC simulations, and discuss the underlying mechanism of
these anisotropies. Near the electron diffusion region (EDR), the perpendicular component
(Te⊥ ) is much larger than the parallel component (Tek ). Further downstream, the electron
distribution becomes more isotropic and are accompanied by parallel beams. In the pile up
region, electrons are further energized along the parallel and perpendicular directions. In
the presence of a guide field, Tek is greater than Te⊥ in most of the exhaust region, and the
region of enhanced Te⊥ shows a filamentary structure.
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3.1

Introduction

Plasma energization during magnetic reconnection has been studied intensively by satellite observations and PIC simulations. However, the detailed mechanism is still unclear.
One important method to study electron energization is to examine the electron velocity
distribution, which reveals the change of electron velocities in specific directions. Hoshino
et al. [2001] found non-maxwellian electron distributions in a reconnection event observed
by the Geotail spacecraft, and reproduced the features in a PIC simulation. The electron
distribution in the outer boundary region is cold and anisotropic with Tek > Te⊥ , which is
consistent with inflow distribution discussed in previous chapter. Downstream the flow, the
electron distribution becomes hotter with energetic electron beams. Further downstream
towards the center of neutral sheet, the electron distribution becomes almost isotropic, and
the number of energetic electrons further increases. By studying the particle trajectories,
Hoshino et al. [2001] proposed a two-step energization mechanism. The first step is the
meandering / Speiser motion in the EDR [Speiser, 1965]. Electrons are accelerated along
the current sheet by reconnection electric field. After being ejected out from EDR, electrons
get further accelerated in exhaust region. The electrons are trapped in exhaust region by
∇B and curvature drift, and get energy from the reconnection electric field. Near the center
of current sheet, the wave scattering help form an isotropic distribution. Fujimoto [2006]
suggests that the electron anisotropy of Te⊥ > Tek are caused by the adiabatic heating and
escape of high-energy electrons along the magnetic field line.
Despite of these reports of anisotropic exhaust electron distribution, there are numerous
reports of isotropic exhaust electron distribution. Asano et al. [2008] reported isotropic
flat-top distributions frequently observed in the exhaust region by Cluster spacecraft. The

53

flat-top distribution is mainly located between the ion diffusion region and pile up region.
In some of the flat-top distribution, there are strong field aligned beams with energy of 4-10
keV. Chen et al. [2008] also showed that the electron distribution in exhaust region are hot
and isotropic. Egedal et al. [2010b, 2012] and Le et al. [2013] showed that reconnection
exhausts are isotropic based on PIC simulations.
In this chapter, we show various types of electron distributions in different sections of
reconnection outflow regions, compare with results of PIC simulation, and discuss the underlying mechanism of these anisotropies. In section 3.2 we show distinct electron distributions
in PIC simulations. In section 3.3 we show distinct electron distribution near EDR, in pile
up region, and other regions. We also show distributions in the presence of guide field. And
we discuss the mechanisms in section 3.4.

3.2

Exhaust Electron Distribution in Simulation

First we show a simulation of reconnection with zero guide field to study the electron temperature and electron distribution in the outflow region of reconnection. This simulation is
identical as the one used in previous chapter. We adapt the analysis approach employed in
Wang et al. [2015] which combines examinations of the temperature profiles and electron
distribution functions.
Figure 3-1 shows the magnetic field and electron temperature of a simulation of reconnection at tΩci =23. Wang et al. [2015] has studied the electron temperature and electron
distribution from tΩci =29. Here we employ their approach to study the electron temperature
and distribution functions from an earlier time of simulation to obtain a stronger consistency
between the simulation predictions and the specific observations presented in this chapter.
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From top to bottom the panels are: (a) the amplitude of magnetic field, B; (b) the electron
temperature, Te ; (c) the parallel component of electron temperature, Tek ; (d) the perpendicular component of electron temperature, Te⊥ ; (e) the ratio of parallel component over parallel
component of electron temperature, Tek /Te⊥ . The magnetic field is small in the EDR and in
the exhaust region close to the center of neutral plane. The field strength increases in the
off equatorial region and pile up region. Te shows enhancement in EDR along the electron
outflow jet. Te enhancement extends into the exhaust region, and reach the maximum in
central pile up region. In the region between EDR and pile up region, Te becomes smaller
and smoother. In the off equatorial section of the pile up region, Te is much smaller than
that in the central plane. Tek shows enhancement in the region between EDR and pile up.
In the pile up region, Tek enhanced in the off equatorial section, while the strength decreases
in the center of pile up region. Te⊥ shows enhancement in EDR and extend all along to
the pile up region with gradually increased strength. However, Te⊥ decrease significantly
in the off equatorial section of pile up region. Because of the different location of Tek and
Te⊥ enhancement, the ratio of Tek /Te⊥ shows distinct features in different region. In EDR
and the central pile up region, Te⊥ is greater than Tek , while Te⊥ is less than Tek in the off
equatorial pile up region. In the region between EDR and pile up region, Te⊥ is about equal
to Tek .
Figure 3-2 shows the electron distributions and 1D cuts at several representative locations, as marked by white square in Figure 3-1. Figure 3-2(a) and (b) shows the electron
distribution and 1D cuts near the EDR, which shows enhancement in both perpendicular
and parallel components that electrons are energized to higher energies in the directions perpendicular to the magnetic field. Figure 3-2(c) and (d) shows electron distribution and 1D
cuts between EDR and pile up region. The distribution is almost isotropic and the parallel
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Figure 3-1: PIC simulation showing fine structure of magnetic field and electron temperature
in exhaust region at tΩci =23. Because of the different location of Tek and Te⊥ enhancement,
the ratio of Tek /Te⊥ shows distinct anisotropy features in subsections of the exhaust region.
(a) the amplitude of magnetic field, B; the electron temperature, Te ; the parallel component
of electron temperature, Tek ; the perpendicular component of electron temperature, Te⊥ ; the
ratio of parallel component over parallel component of electron temperature, Tek /Te⊥ . The
white squares represent the location of electron distribution in Figure 3-2.
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Figure 3-2: Electron distribution at different location in the reconnection exhaust region at
tΩci =23 show distinct anisotropic features. Panel (a) and (b) show the electron distribution
near EDR, which has strong enhancement in the perpendicular direction; panel (c) and (d)
show the electron distribution in the center of exhaust region, which is hot and isotropic;
panel (e) and (f) show the electron distribution in pile up region, in which the electron
flux in perpendicular component is greater than parallel component; panel (g) and (h) show
the electron distribution in the off equatorial region, which has energetic electron beams in
parallel direction; panel (i) and (j) shows exhaust electron distribution at a time before peak
reconnection rate, the electron distribution is cold and isotropic.
57

component shows a flat top feature. The low energy electrons show a parallel anisotropy
of counter streaming beams. Figures 3-2(e) and (f) shows the electron distribution and 1D
cuts in the central pile up region. The electron distribution has strong enhancement in perpendicular component. The maximum electron energy in perpendicular direction is greater
than parallel direction. The distribution in parallel direction is counter-streaming beam and
in perpendicular direction is flat top. Figure 3-2(g) and (h) shows the electron distribution
in the off equatorial section of pile up region. The distribution consists of three population:
The low energy flat top population (green), the high energy counter streaming beams (red),
and the high energy perpendicular population (blue), indicating more complicated structure
than the pile up region near the central plane. Figure 3-2(i) and (j) shows the electron
distribution and 1D cuts in the exhaust region at tΩci =18, which is 1 tΩci before the time of
peak reconnection rate. The distribution is colder than those shown in the previous panels.
The maximum velocities in parallel and perpendicular directions are smaller than those in
the later time. This distribution shows both flat top and Te⊥ > Tek . At this time, the reconnection structure is relatively small, and these sub-regions are not separated far enough from
each other and the electron populations are mixed. These distinct features in exhaust distributions in simulation indicate complicated energization mechanism and provide observables
for identifying fine structure of the exhaust region in satellite observations.

3.3

Exhaust Electron Distributions in Observations

The Cluster spacecraft encountered 33 reconnection exhaust regions in the magnetotail between 2001 - 2005. The electron distributions in these exhaust regions show various types
of distinct anisotropy. By categorizing the anisotropy, we can identify the sub-regions in the
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exhaust region, and analyze the energization mechanisms in each sub-region. The spacecraft
separation of the Cluster tetrahedron can sometimes be used to constrain the scale size of
these anisotropic sub-regions.

3.3.1

Electron Distributions Near the Electron Diffusion Region

First we show an electron distribution near the electron diffusion region (EDR). Figure 3-3
shows the magnetic field and x component of H + velocity in a reconnection event observed
by C1 between 03:28:00 UT - 03:38:00 UT on 11 October 2001. The top three panels are the
three components of magnetic field at the four spacecraft. Data from C1, C2, C3, and C4 are
shown in black, red, green, and blue, respectively. The following panel is Vix at C1, C3, and
C4. The two dashed red lines represent the time at which the electron distributions studied in
this section were measured. In this event, all spacecraft crossed the reconnection structure
along earthward. Between 03:28:00 UT - 03:33:10 UT, the spacecraft are in the tailward
outflow region where Vix is negative with an amplitude of up to -700 km/s and where Bz is
mainly negative. Between 03:34:20 UT - 03:38:00 UT, the spacecraft are in the earthward
outflow region where Vix is positive with an amplitude of up to 500 km/s and where Bz is
mainly positive. The correlated sign changes of Bz and Vix are indicators the reconnection,
and the reversal point of Bz and Vix indicates the time of X-point passing. The peak of Bz
and Vix in the tailward outflow region occurs at 03:29:30 UT, indicating the encounter of
the pile up region. At 03:30:48 UT, C1 observed an electron distribution function with an
enhanced perpendicular component, as marked by the red dashed line. The magnetic field
amplitude at this time is much smaller than in the ambient region. Vix is small and C1 is
close to the reversal point, which means C1 is close to EDR. The electron bulk velocity is
∼ -1000 km/s at 03:31:00 UT (data not shown). Such a strong electron outflow jet further
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corroborates the claim that C1 is close to EDR. From the simulation results in Figure 3-1,
there are two places, near EDR region and pile up region, where electron distributions show
enhancement in perpendicular component. So C1 observed electron distribution in EDR

Figure 3-3: Magnetic field and x component of H + velocity of the reconnection event observed by all spacecraft on 11 October 2001. C1 observed an electron distribution with
enhanced perpendicular component at 03:30:48 UT, which is close to the EDR. The simultaneous reversal of Vix and Bz indicate the reconnection interval. From top to bottom are:
(a) Bx at all spacecraft; (b) By at all spacecraft; (c) Bz at all spacecraft; (d) Vix at C1, C3,
and C4. Data from C1, C2, C3, and C4 are shown in black, red, green, and blue. The two
dashed red lines represent the time at which the electron distributions studied in this section
were measured.
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since C1 is not close to pile up region.

Figure 3-4: The spacecraft configuration and electron distribution near EDR showing a
perpendicular enhanced feature. From top to bottom are: (a) spacecraft configuration in
the x − y plane; (b) spacecraft configuration in the x − z plane; (c) 1D cuts of the electron
distribution observed by C4 at 03:30:48 UT; and (d) array of electron distributions between
03:30:44 UT - 03:30:52 UT, where the distributions are arranged according to the z position
of the spacecraft shown in panel (b).
Figure 3-4 shows the spacecraft configuration and electron distributions near the EDR.
From top to bottom are: (a) spacecraft configuration in the x − y plane; (b) spacecraft
configuration in the x − z plane; (c) 1D cuts of the electron distribution observed by C4
at 03:30:48 UT; and (d) array of electron distributions between 03:30:44 UT - 03:30:52 UT,
where the distributions are arranged according to the z position of the spacecraft shown
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Table 3.1: List
Date
2001/09/12
2001/10/11
2001/10/11
2003/10/04

of near-EDR distributions
Time
Spacecraft
13:12:00
3
03:30:48
1
03:36:47
3
06:20:30
2

in Figure 3-4(b). At this time, C1 observed a distribution with enhanced perpendicular
component, followed by an anisotropic distribution with enhancement in the parallel and
anti-parallel components, indicating that C1 first crossed the region close to the EDR and
then crossed the separatrix region. C4 and C3 also observed anisotropic distribution with
Tek > Te⊥ , which indicates that the spacecraft were in the south separatrix and inflow regions.
In panel (c), the phase space density in the perpendicular pitch angle channels are greater
than others, which is consistent with the PIC distribution near the EDR in Figure 3-2(a)
and (b). The size of the EDR is de scale, making it very rare for spacecraft to cross since the
typical separation of the sattellites is 50 de . In addition, the reconnection structure usually
moves more than 100 km/s, and resolution of electron flux data is 2 seconds. As such it is
very rare to have spacecraft cross the EDR or electron outflow jet. In observation, we have
found four events in which Cluster observes such distributions near the EDR, as shown in
Table 3.1.

3.3.2

Electron Distribution near Pile Up Region

Electron distributions near the pile up region also show significant enhancement in the perpendicular pitch angle channel, but the field and plasma environments are significantly different from the EDR. Figure 3-5 shows the magnetic field and x component of H + velocity
in a reconnection event observed by all spacecraft between 08:12:00 UT - 08:22:00 UT on
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21 August 2002. The top three panels are the three components of the magnetic field at
the four spacecraft. Data from C1, C2, C3, and C4 are shown in black, red, green, and
blue, respectively. The bottom panel is Vix at C1, C3, and C4. All spacecraft crossed this
reconnection structure earthward. According to the sign of Bx , C4, C2, and C1 are mainly
in the north side of the current sheet, while C3 is mainly in the south side of the current
sheet. Between 08:12:00 UT - 08:16:30 UT, all spacecraft encountered the tailward exhaust
region, where Vix is negative with an amplitude of up to -1000 km/s and Bz is negative with

Figure 3-5: Magnetic field and x component of H + velocity for the reconnection event
observed by all spacecraft on 21 August 2002. C4 crossed the pile up region and observed
electron distributions with enhanced perpendicular and parallel components. The top three
panels show the three components of magnetic field at the four spacecraft. Data from C1,
C2, C3, and C4 are shown in black, red, green, and blue, respectively. The bottom panel is
Vix at C1, C3, and C4.
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amplitude up to -20 nT. Between 08:12:00 UT - 08:15:30 UT, C4 entered into the pile up region in the tailward exhaust and then returned back to the lobe / inflow region. During this
interval, Bx is small, indicating that C4 is close to the center of the neutral plane. Positive
Bx and negative By further confirm that C4 observed the Hall magnetic field in the north
side of current sheet. At around 08:14:28 UT (marked by red dashed line), the amplitude of
Bz at C4 is more than -20 nT. Such a strong reconnected component of the magnetic field

Figure 3-6: The spacecraft configuration and electron distributions in the pile up region.
From top to bottom are: (a) spacecraft configuration in the x − y plane; (b) spacecraft
configuration in the x − z plane; (c) 1D cuts of the electron distribution observed by C4
at 08:14:28 UT; and (d) array of electron distributions between 08:14:24 UT - 08:14:32 UT,
where the distributions at different spacecraft are arranged according to the z position in
panel (b).
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Table 3.2: List of pile up distributions
Date
Start Time End Time Spacecraft
2001/08/13
02:51:33
02:51:52
1,2,3
2001/08/22
09:43:35
09:43:37
2
2001/08/22
09:50:26
09:50:30
1
2001/09/12
13:11:00
13:11:10
1,4
2001/09/15
05:07:43
05:07:53
1,3
2001/10/01
09:36:50
09:37:20
1,2
2001/10/11
03:28:20
03:28:22
1
2002/08/21
08:14:22
08:14:35
2,3,4
2004/09/14
23:06:47
23:06:49
1
indicates that C4 was in the pile up region.
Figure 3-6 shows the spacecraft configuration and electron distributions in the pile up
region. From top to bottom are: (a) spacecraft configuration in the x − y plane; (b) spacecraft configuration in the x − z plane; (c) 1D cuts of the electron distribution observed by
C4 at 08:14:28 UT; and (d) array of electron distributions between 08:14:24 UT - 08:14:32
UT, where the distributions at different spacecraft are arranged according to the z position
in panel (b). Unlike the electron distributions in the EDR where only the perpendicular
component is enhanced, the electron distributions in the pile up region show enhancement
in both the parallel and perpendicular direction. C4 and C2 observed the electron distribution with enhanced parallel and perpendicular components. The phase space density of
the perpendicular component (red curve at 90 degree in panel (c)) is about one order of
magnitude larger than that of the other angles. The parallel and perpendicular components
are also enhanced at low energy. The perpendicular enhancement and parallel beams in
the distribution near the pile up region are also consistent with the distribution in Figure
3-2(e)-(h). The size of pile up region is di scale or larger, so more than one spacecraft could
cross the pile up region and spend more time in the pile up region. In the 21 August 2002
event, both C2 and C4 observe pile up distributions for a time interval that lasts about 30
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seconds. The distance between C2 and C4 is about 1000 km in x, 2500 km in y, and 1500
km in z, so the size of the pile up region in this event is multiple di and extends several di
along the y direction. We have 8 events where Cluster encountered the pile up region in the
magnetotail, as shown in Table 3.2.

3.3.3

Electron Distributions Between the EDR and Pile Up Region

Despite the perpendicular enhancement of electron flux in the EDR and pile up region, the
electron distributions in other sections of the exhaust region are mainly isotropic. However,
instead of being identical, these electron distributions also have distinct structures, such as
a flat-top or beam structure. In this section, we are going to present several different kinds
of isotropic distributions.
Between 08:13:30:00 UT - 08:16:30 UT in Figure 3-5, C1 is in a reconnection exhaust
region. At 08:15:00 UT, Vix is -800 km/s, which is the peak of the tailward ion flow. The
magnetic field strength here is less than in the ambient plasma. Bz is -3 nT, which is much
smaller than in the pile up region at 08:14:00 UT. So at this time, C1 is in the exhaust region
between the pile up region and EDR, and close to the center of the neutral plane. Figure
3-7 shows the spacecraft configuration and electron distributions between the EDR and pile
up region. From top to bottom are: (a) spacecraft configuration in the x − y plane; (b)
spacecraft configuration in the x − z plane; (c) 1D cuts of the electron distribution observed
by C1 at 08:15:00 UT; and (d) array of electron distributions between 08:15:00 UT - 08:15:08
UT, where the distributions at different spacecraft are arranged according to the z position
in Figure 3-7(b). The electron distributions at all spacecraft are nearly isotropic. In Figure
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Figure 3-7: The spacecraft configuration and electron distributions between the EDR and
pile up region. From top to bottom are: (a) spacecraft configuration in the x − y plane; (b)
spacecraft configuration in the x − z plane; (c) 1D cuts of the electron distribution observed
by C1 at 08:15:00 UT; and (d) array of electron distributions between 08:15:00 UT - 08:15:08
UT, where the distributions at different spacecraft are arranged according to the z position
in panel (b).
3-7(c), the electron PSD at all pitch angles are about the same, and more interestingly
they are nearly constant for the velocity range of 1 × 104 km/s - 5 × 104 km/s, which has
been reported as a flat-top distribution [Asano et al., 2008]. The cut off velocity is about
5 × 104 km/s, which indicates a hot electron temperature in magnetotail reconnection. At
this time, all spacecraft observe exhaust distributions, so the size of the exhaust region is
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larger than the separation of the spacecraft, which is more than 10 di . The isotropic and
flat-top distribution is consistent with the simulation distribution in Figure 3-2(c) and (d).

Figure 3-8: The magnetic field and x component of Vix in a reconnection event observed
between 09:35:00 UT - 09:45:00 UT on 1 October 2001. The top three panels are the three
components of the magnetic field at the four spacecraft. Data from C1, C2, C3, and C4 are
shown in black, red, green, and blue, respectively. The bottom panel is Vix at C1, C3, and
C4.

The flat top distributions are not necessarily to be hot. Figure 3-8 shows the magnetic
field and x component of the ion flow (Vix ) in a reconnection event observed between 09:35:00
UT - 09:45:00 UT on 1 October 2001. The top three panels are the three components of the
magnetic fields at the four spacecraft. Data from C1, C2, C3, and C4 are shown in black,
red, green, and blue, respectively. The bottom panel is Vix at C1, C3, and C4. Between
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09:36:00 UT - 09:41:00 UT, all spacecraft crossed a tailward outflow region since Bz and Vix
are negative. At 09:37:00 UT, Bz at C4 is about - 30 nT, indicating an encounter with the
pile up region. Between 09:37:00 UT - 09:40:00 UT, C4 observed tailward ion flow with Vix
of up to -400 km/s, indicative of the exhaust region. The amplitude of the magnetic field is
small, implying that C4 was close to the current sheet. At 09:38:24 UT, C4 is in the center

Figure 3-9: The spacecraft configuration and electron distributions in a reconnection exhaust region showing cold and flat top distributions. From top to bottom are: (a) spacecraft
configuration in the x − y plane; (b) spacecraft configuration in the x − z plane; (c) 1D cuts
of the electron distribution observed by C4 at 09:38:24 UT; and (d) array of electron distributions between 09:38:20 UT - 09:38:28 UT, where the distributions at different spacecraft
are arranged according to the z position in panel (b).
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of the exhaust region at the ion outflow peak and passed through the pile up region, which
is marked by a red dashed line in Figure 3-8.
Figure 3-9 shows the spacecraft configuration and electron distributions in this event.
From top to bottom are: (a) spacecraft configuration in the x − y plane; (b) spacecraft
configuration in the x − z plane; (c) 1D cuts of the electron distribution observed by C1
at 09:38:24 UT; and (d) array of electron distribution between 09:38:20 UT - 09:38:28 UT,
where the distributions at different spacecraft are arranged according to the z position in
Figure 3-9(b). The distributions at C2, C3, and C4 are cold and isotropic. Figure 3-9(c)
shows the 1D cuts of the electron distribution observed by C4 at 09:38:24 UT. Despite a little
enhancement in the perpendicular component, all components are about the same and show
a flat top structure for the velocity range of 1 × 104 km/s - 2 × 104 km/s. The cut off velocity
for the flat top distribution is 2 × 104 km/s, indicating a much smaller electron temperature
in this exhaust region. At this time, all spacecraft observed similar distributions, so we
can infer that the scale of exhaust region is greater than the separation of the spacecraft,
which is more than 10 di . Such a cold and flat top distribution with slight perpendicular
enhancement is consistent with the simulation distribution in Figure 3-2(i) and (j).
It is worth noting that not all electron distributions in the exhaust region are flat top.
Here we show two examples of exhaust electron distributions which are not flat top. Figure
3-10 shows the magnetic field and x component of H + in a reconnection event observed
between 09:45:00 UT - 09:50:00 UT on 1 October 2001. The top three panels are the three
components of the magnetic field at the four spacecraft. Data from C1, C2, C3, and C4 are
shown in black, red, green, and blue, respectively. The bottom panel is Vix at C1, C3, and
C4. This event has been studied by Chen et al. [2008]. All spacecraft crossed a reconnection
X-line earthward between 09:47:40 UT - 09:49:40 UT. Bz at all four spacecraft changes sign
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from negative to positive with a peak amplitude greater than 10 nT, indicating a strong
reconnected magnetic field. By also reverses sign, which is consistent with the Hall magnetic
field configuration for an ion diffusion region. Meanwhile, Vix changes sign from negative to
positive with a peak amplitude of 1000 km/s, indicating a strong ion outflow jet. At 09:48:57
UT, C4 is in the earthward exhaust region where the magnetic field is small and Vix peaks,
which is marked by a red dashed line.

Figure 3-10: The magnetic field and x component of Vix in a reconnection event observed
between 09:45:00 UT - 09:50:00 UT on 1 October 2001. The top three panels are the three
components of the magnetic field at the four spacecraft. Data from C1, C2, C3, and C4 are
shown in black, red, green, and blue, respectively. The bottom panel is Vix at C1, C3, and
C4.

Figure 3-11 shows the spacecraft configuration and electron distributions in this event.
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From top to bottom are: (a) spacecraft configuration in the x − y plane; (b) spacecraft
configuration in the x − z plane; (c) 1D cuts of the electron distribution observed by C1
at 09:48:57 UT; and (d) array of electron distributions between 09:48:55 UT - 09:49:03 UT,
where the distributions at different spacecraft are arranged according to the z position in
Figure 3-11(b). C2, C4, and C3 are in the exhaust region which shows hot and isotropic
distributions. C1 is in the inflow region, which shows cold and anisotropic distributions.

Figure 3-11: The spacecraft configuration and electron distributions in a reconnection exhaust region showing hot and isotropic distributions without a flat top structure. From top
to bottom are: (a) spacecraft configuration in the x − y plane; (b) spacecraft configuration in the x − z plane; (c) 1D cuts of the electron distribution observed by C4 at 09:48:57
UT; and (d) array of electron distributions between 09:48:55 UT - 09:49:03 UT, where the
distributions at different spacecraft are arranged according to the z position in panel (b).
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Figure 3-11(c) shows the 1D cuts of the electron distribution observed by C4 at 09:48:57
UT. The electron distribution at this time is hot and isotropic. The cuts of the electron
distribution show that the flux at all angles is about the same and decreases gradually
without forming a flat top structure. At this time, C2, C4, and C3 observed similar exhaust
distributions. Considering that all three spacecraft are on the north side with Bx greater
than zero, we can infer that the scale of this exhaust region is more than 2000 km, which is
about 5 di .

Figure 3-12: The magnetic field and x component of H + velocity in a reconnection event
observed by all spacecraft between 07:55:00 UT - 08:00:00 UT on 10 September 2001. The
top three panels are the three components of the magnetic field at the four spacecraft. Data
from C1, C2, C3, and C4 are shown in black, red, green, and blue, respectively. The bottom
panel is Vix at C1, C3, and C4.
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The exhaust electron distributions could also be cold without a flat top structure. Figure
3-12 shows the magnetic field and x component of H + velocity in a reconnection event
observed by all spacecraft between 07:55:00 UT - 08:00:00 UT on 10 September 2001. The
top three panels are the three components of magnetic field at the four spacecraft. Data from
C1, C2, C3, and C4 are shown in black, red, green, and blue, respectively. The following panel

Figure 3-13: The spacecraft configuration and electron distributions in a reconnection exhaust region showing cold and isotropic distributions without flat-top structure. From top
to bottom are: (a) spacecraft configuration in the x − y plane; (b) spacecraft configuration in the x − z plane; (c) 1D cuts of the electron distribution observed by C3 at 07:55:12
UT; and (d) array of electron distributions between 07:55:10 UT - 07:55:18 UT, where the
distributions at different spacecraft are arranged according to the z position in panel (b).
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is Vix at C1, C3, and C4. During this event, all spacecraft cross the reconnection structure
earthward. Vix is enhanced with an amplitude of up to -300 km/s between 07:55:00 UT 07:56:00 UT, followed by an earthward ion flow between 07:57:20 UT - 07:59:00 UT with
an amplitude of up to 400 km/s. The reversed ion flows are the two ion outflow jets of
the reconnection structure. Accompanied with the ion flow reversal, Bz changes sign from
negative to positive, and By reverses sign. The magnetic field sign configuration is consistent
with the 2D reconnection picture. At 07:55:10 UT, C3 is in the tailward exhaust region, as
marked by the red dashed line.
Figure 3-13 shows the spacecraft configuration and electron distributions in a reconnection exhaust region showing cold and isotropic distributions without a flat-top structure.
From top to bottom are: (a) spacecraft configuration in the x − y plane; (b) spacecraft
configuration in the x − z plane; (c) 1D cuts of the electron distribution observed by C3
at 07:55:12 UT; and (d) array of electron distributions between 07:55:10 UT - 07:55:18 UT,
where the distributions at different spacecraft are arranged according to the z position in
Figure 3-13(b). The distributions at all spacecraft are cold and isotropic, while the distributions at C3 are relatively hotter than the others since C3 is in the exhaust region. Figure
3-13(c) shows the 1D cuts of the electron distribution observed by C3 at 07:55:12 UT. The
cuts show that the electron flux at all pitch angle channels are about the same, though with
no flat top structure. The electron flux drops sharply with the increase of velocity, indicating
a small electron temperature. At this time, only C3 observed the exhaust distribution, so
the scale of the exhaust region is less than 1000 km.
It has been reported that there are occasional energetic electron beams accompanying the
flat top structure [Asano et al., 2008]. Figure 3-14 shows the magnetic field and x component
of H + velocity in a reconnection event observed between 05:00:00 UT - 05:05:00 UT on 15
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September 2001. The top three panels are the three components of the magnetic field at the
four spacecraft. Data from C1, C2, C3, and C4 are shown in black, red, green, and blue,
respectively. The following panel is Vix at C1, C3, and C4. Between 05:03:40 UT - 05:04:50
UT, C1, C2, and C4 crossed the tailward exhaust region southward. During this interval,
Bx changes sign from 20 nT to -20 nT, By reverses sign from negative to positive, and
Bz remains negative. The magnetic field sign configuration is consistent with a southward
trajectory. In the course of crossing the exhaust, the spacecraft observed strong tailward ion

Figure 3-14: The magnetic field and x component of H + velocity in a reconnection event
observed by C4 between 05:00:00 UT - 05:05:00 UT on 15 September 2001. The top three
panels are the three components of the magnetic field at the four spacecraft. Data from C1,
C2, C3, and C4 are shown in black, red, green, and blue, respectively. The bottom panel is
Vix at C1, C3, and C4.
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flow with Vix of up to 1100 km/s. At 05:32:52 UT, C4 is in the tailward exhaust region, as
marked by a red dashed line.
Figure 3-15 shows the spacecraft configuration and electron distributions in a reconnection exhaust region showing hot and counter streaming distribution. From top to bottom are:
(a) spacecraft configuration in the x−y plane; (b) spacecraft configuration in the x−z plane;

Figure 3-15: The spacecraft configuration and electron distributions in a reconnection exhaust region showing hot and counter streaming distributions. From top to bottom are: (a)
spacecraft configuration in the x − y plane; (b) spacecraft configuration in the x − z plane;
(c) 1D cuts of the electron distribution observed by C4 at 05:03:52 UT; and (d) array of electron distributions between 05:03:48 UT - 05:03:56 UT, where the distributions at different
spacecraft are arranged according to the z position in panel (b).
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(c) 1D cuts of the electron distribution observed by C4 at 05:03:52 UT; and (d) array of electron distributions between 05:03:48 UT - 05:03:56 UT, where the distributions at different
spacecraft are arranged according to the z position in Figure 3-15(b). Electron distributions
at C4, C2, and C1 are energetic and isotropic with beams in the parallel components. The
electron distributions at C3 are colder with beams, which is a signature of the separatrix
region. Figure 3-15(c) shows the 1D cuts of the electron distribution observed by C4 at
05:03:52 UT. The cuts show an isotropic and flat top structure. The parallel component
shows a peak at 4 × 104 km/s, indicating a strong electron beam in the parallel direction.
At this time, C1 and C4 observed such counter streaming exhaust distributions, implying
that the scale of the exhaust region is greater than 1 di in z, and 2000 km (4 di ) in x.
The energetic counter streaming electron beams provide clues for electron energization
in the exhaust region. We also observed counter streaming beams in cold electron distributions. Between 03:28:00 UT - 03:31:00 UT in Figure 3-3, C1 observed tailward ion flow with
an amplitude of up to -600 km/s. After 03:34:00 UT, the ion flow switches to earthward.
Meanwhile, Bz reverses sign from negative to positive, indicating that C1 crossed a reconnection region earthward. At 03:28:10 UT, C1 is in the center of the exhaust region since the
spacecraft is in the center of the tailward ion flow. Figure 3-16 shows the spacecraft configuration and electron distributions in a reconnection exhaust region showing hot and counter
streaming distributions. From top to bottom are: (a) spacecraft configuration in the x − y
plane; (b) spacecraft configuration in the x − z plane; (c) 1D cuts of the electron distribution
observed by C1 at 03:28:10 UT; and (d) array of electron distributions between 03:28:10 UT
- 03:28:18 UT, where the distributions at different spacecraft are arranged according to the
z position in Figure 3-16(b). Electron distributions at all spacecraft show counter streaming
beams. There is a clear beam structure with central velocity of 2 × 104 km/s, and the flux of
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Figure 3-16: The spacecraft configuration and electron distributions in a reconnection exhaust region showing hot and counter streaming distributions. From top to bottom are: (a)
spacecraft configuration in the x − y plane; (b) spacecraft configuration in the x − z plane;
(c) 1D cuts of the electron distribution observed by C1 at 03:38:10 UT; and (d) array of electron distributions between 03:28:10 UT - 03:28:18 UT, where the distributions at different
spacecraft are arranged according to the z position in panel (b).
the beam is about one order of magnitude higher than the other components. At this time,
all spacecraft observed similar distributions, so the scale of exhaust region is greater than
the separation of the spacecraft, which is 2000 km (5 di ) in all three directions.
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3.3.4

Electron Distributions in Guide Field Reconnection

The reconnection structure changes dramatically when strong guide fields are present. With
a guide field, it is more difficult to unmagnetize electrons, and the mechanism for electron
energization is also different from the zero guide field situation. To study the effect of a
guide field, we performed a simulation of reconnection with a guide field equal to 40% of the
upstream reconnecting field. The following 2D, undriven, open boundary PIC simulation
begins from an initial Harris current sheet with Bx = B0 tanh(z/L), where B0 is the amplitude of the asymptotic magnetic field, and L is the half width of the current sheet. The
number density of the current sheet is given by n(z) = n0 sec2 (z/L) + nb , where n0 is the
initial density of the current sheet and nb is the background density. The simulation domain
is Lx ×Lz = 40di ×40di resolved into 5,120×5,120 cells with 600 particles per cell, where
di is the ion skin depth based on n0 . The simulation parameters are: the electron plasma
to cyclotron frequency ratio ωpe /Ωce =2, ion to electron mass ratio mi /me = 1836, ion to
electron temperature ratio Ti /Te = 5, background to current sheet temperature ratio Tb /T0
= 1/3, L/di = 0.5, nb /n0 = 0.228, and guide field Bg = 0.4 B0 . In the simulation, velocities
are normalized to the speed of light, lengths to the electron skin depth de , magnetic field
strengths to B0 , and times are reported in units of Ω−1
ci (where Ωci is the ion cyclotron frequency). Each simulation electron velocity distribution represents electrons from a 2de ×2de
bin.
Figure 3-17 shows the magnetic field and temperature of a simulation of reconnection
with a guide field. From top to bottom are: (a) the magnitude of the magnetic field, B;
(b) the electron temperature, Te ; (c) the parallel component of electron temperature, Tek ;
(d) the perpendicular component of electron temperature, Te⊥ ; (e) the ratio of parallel to
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Figure 3-17: PIC simulation showing the fine structure of the magnetic field and electron
temperature in the exhaust region in the presence of a guide field. From top to bottom are:
(a) the magnitude of the magnetic field, B; the electron temperature, Te ; the parallel component of electron temperature, Tek ; the perpendicular component of electron temperature,
Te⊥ ; the ratio of parallel to perpendicular electron temperatureTek /Te⊥ .

81

perpendicular electron temperature, Tek /Te⊥ . The strength of the magnetic field decreases in
the vicinity of the X-point, but it still is significant enough to magnetize electrons. Te shows a
clear asymmetry with enhancements in the outflow region and exhaust side of the separatrix.
Te at the pile up region is much lower than at the center of the exhaust region, which is
quite different from zero guide field reconnection where the peak of electron temperature
are in the pile up region. Tek is strong in the exhaust region, and the enhancement is along
the electron outflow jet. Te⊥ shows an interesting filamentary structure along the newly
reconnected magnetic field lines. The enhancement structure emerged well after the time of

Figure 3-18: Cuts of Tek and Te⊥ and their three components at z=0, showing that Tek
is mainly from the out of plane component, Pe−yy , while Te⊥ is mainly from the in plane
components, Pe−xx and Pe−zz
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peak reconnection, and changes position in time. Tek /Te⊥ shows strong parallel anisotropy
in most of the exhaust region especially along the electron outflow jets. There are also some
stripe-like regions that are less anisotropic which are formed due to the enhancement of Te⊥
in these regions.
Figure 3-18 shows the three components of Tek and Te⊥ , the top panel is a horizontal cut
of Tek at z=0 and 3 of its components, (Pe−xx , Pe−yy , Pe−zz ), the bottom panel is a horizontal
cut of Te⊥ at z=0 and 3 of its components. The electron temperatures are calculated from
the six components of the electron pressure tensor. Tek is mainly from Pe−yy . At x=175 de
and 710 de , Pe−xx and Pe−zz have two spikes which result in peaks in Tek . The Te⊥ is mainly
from Pe−xx and Pe−zz . The enhancement of Pe−xx and Pe−zz at x=120 de and 730 de result
in two sharp spikes in the profile of Te⊥ . Tek is two to eight times larger than Te⊥ in general,
but the peaks and dips of Tek and Te⊥ are shifted so there are some regions that show less
anisotropy, as shown in Figure 3-17.
Figure 3-19 shows electron distributions and particle tracing results of the simulation
with a guide field at tΩci =25. From top to bottom are: (a) temperature ratio, Tek /Te⊥ ;
(b) cut of Tek /Te⊥ at z =0; (c) distribution with enhanced perpendicular population; (d)
isotropic distribution; (e) anisotropic distribution with Tek > Te⊥ ; (f) anisotropic distribution
with Tek  Te⊥ ; (g) electron trajectory on top of the magnetic field magnitude; (h) parallel
velocity of the electron along its trajectory; (i) perpendicular velocity of the electron along
its trajectory. The exhaust region is dominated by anisotropy with Tek > Te⊥ . The 1D
cut of Tek /Te⊥ shows that Tek /Te⊥ varies significantly. There is a narrow band of isotropic
region and a narrow band of region with Te⊥ > Tek , (darker regions of the plot in panel (a)).
The electron distributions at z=135, 190, 270, 315de are shown in Figure 3-19(c)-(f). They
shows perpendicular enhancement, isotropic, and parallel enhanced distributions. We show
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Figure 3-19: Electron distributions and particle tracing results of the simulation with a guide
field at tΩci =25. (a) Temperature ratio, Tek /Te⊥ ; (b) cut of Tek /Te⊥ at z =0; (c) distribution
with enhanced perpendicular population; (d) isotropic distribution; (e) anisotropic distribution with Tek > Te⊥ ; (f) anisotropic distribution with Tek  Te⊥ ; (g) electron trajectory on
top of the magnetic field magnitude; (h) parallel velocity of the electron along its trajectory;
(i) perpendicular velocity of the electron along its trajectory.
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particle tracing results for the electron in Figure 3-19(c) to show the electron energization
process in reconnection with a guide field. The electron has a parallel velocity of 0.05 and
a perpendicular velocity of 0.73, as marked on the distribution. Figure 3-19(g) shows the
electron trajectory and the color in bottom two panels, (h) and (j), show the magnitude of
the parallel and perpendicular velocity along the electron trajectory. The electron trajectory
undergoes a bounce motion. When the electron moves to the region of stronger magnetic
field, the parallel velocity decreases and perpendicular velocity increases. This feature is
consistent with adiabatic heating.
The simulation of reconnection with a guide field provides several observables for space
observation. First, some of the electron distributions have strong anisotropy with Tek > Te⊥ ;
second, the filamentary structure of the Te⊥ enhancement would enable multiple spacecraft
to observe the Te⊥ enhanced distributions in multiple locations; third, the electrons in the
pile up region are relatively cold and isotropic. Here we show a reconnection event with
those features.
Figure 3-20 shows the magnetic field and Vix in a reconnection event observed by Cluster
between 03:28:00 UT - 03:38:00 UT on 28 August 2002. The top three panels are the three
components of the magnetic field and the bottom panel is Vix at C1, C3, and C4. Data from
C1, C2, C3, and C4 are plotted in black, red, green, and blue, respectively. In this event, the
spacecraft passed the X line earthward in the south side, and crossed the earthward outflow
region northward. C1, C3, and C4 observed a tailward ion flow followed by an earthward
ion flow, and Bz changes sign from negative to positive at the time of the ion flow reversal,
indicating that the spacecraft crossed the reconnection structure earthward. By are mainly
negative throughout the entire event. If we put a reference line of -6 nT in the second
panel for By , we can see that By crosses this reference line when the spacecraft cross the
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Figure 3-20: Magnetic field and ion flow in a reconnection event observed by Cluster between
03:28:00 UT - 03:38:00 UT on 28 August 2002. The top three panels are the three components
of the magnetic field and the bottom panel is Vix at C1, C3, and C4. Data from C1, C2, C3,
and C4 are plotted in black, red, green, and blue, respectively.
reconnection structure, which is due to the Hall magnetic field. So we conclude that this
reconnection event has a guide field of -6 nT, which is 30% of the reconnecting magnetic
field.
Figure 3-21 shows the electron distribution arrays between 10:06:40 UT - 10:07:00 UT. All
electron distributions shows strong anisotropy with parallel beams, which is consistent with
the guide field simulation result that Tek > Te⊥ in the exhaust. The left top distribution
86

at C4 shows a strong enhancement along the perpendicular direction. The electron PSD
at the parallel components are greater than the other components and the perpendicular
component is greater than the PSD at 45◦ and 135◦ . Such kind of perpendicular enhanced
distribution are observed by multiple spacecraft at multiple locations, which is consistent
with the simulation results that the structure of the perpendicular electron temperature
enhancement is filamentary. The time when spacecraft observed perpendicular enhanced
distribution are marked in the top panel of Figure 3-20. The electron distributions with

Figure 3-21: The electron distribution array between 10:06:40 UT - 10:07:00 UT on 28
August 2002.
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Figure 3-22: Magnetic field and Vix in a reconnection event observed by Cluster between
17:27:00 UT - 17:32:00 UT on 18 August 2002. The top three panels are the three components
of magnetic field and the bottom panel is the Vix at all spacecraft. Data from C1, C2, C3,
and C4 are plotted in black, red, green, and blue.
perpendicular enhancement are somewhat randomly in the exhaust region.
The guide field can result in a large region of parallel anisotropy, but parallel anisotropy
does not necessarily imply that there is a guide field present. Figure 3-22 shows the magnetic
field and Vix in a reconnection event observed by Cluster between 17:27:00 UT - 17:32:00 UT
on 18 August 2002. The top three panels are the three components of the magnetic field and
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the bottom panel is Vix at C1, C3, and C4. Data from C1, C2, C3, and C4 are plotted in
black, red, green, and blue, respectively. C1 and C4 observed tailward ion flow followed by
earthward ion flow. Meanwhile, Bz changes sign from negative to positive, indicating that
the spacecraft crossed a reconnection structure earthward. By changes sign from positive to
negative and Bx remains negative, which is consistent with the sign configuration of the Hall
magnetic field in the south side of the X-line. Figure 3-23 shows the electron distribution
array between 17:30:00 UT - 17:30:20 UT, as marked in Figure 3-22. This region is in the

Figure 3-23: electron distribution arrays between 17:30:00 UT - 17:30:20 UT on 18 August
2002.
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outflow region and most of the electron distributions have clear counter streaming beams in
the parallel direction.

3.4

Discussion

We showed that the electron distributions in the outflow region of magnetotail reconnection
exhibit various kinds of anisotropy. These structured electron distributions represent the
results of electron energization and the re-distribution of energy between different pitch
angles. Here we discuss the possible mechanisms needed to form the different types of
distribution structures.
The electron distributions show perpendicular enhancement in the vicinity of the electron
diffusion region (EDR). In the EDR, electron trajectories are similar to Speiser’s meandering
orbits, as shown in Figure 1-4. Electrons are accelerated along the current sheet by the
reconnection electric field, Ey . In the vicinity of the EDR, the dominant component of the
magnetic field is the newly reconnected field, Bz , which is perpendicular to the current sheet.
Bz also plays an important role to rotate energetic electrons toward the outflow direction. So
in the vicinity of the EDR, the electrons are traveling mainly perpendicular to the magnetic
field, which results in a strong perpendicular beam in electron distributions.
Outside of the EDR, electron distributions become more isotropic. The energetic electrons are nearly unmagnetized in the outflow region where the ion bulk velocity is largest.
Pitch angle scattering from waves will result in a redistribution of energy to different pitch
angles, with the final result being an isotropic distribution. This type of distribution is
the most common distribution in reconnection and was previously reported in simulations
and magnetotail observations. In the previous section, we have shown six types of isotropic
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electron distributions. Some of them show a flat top structure where the electron flux for
a certain velocity range remains nearly constant. The mechanism for forming flat top distributions is not clear yet. Hoshino et al. [2001] proposed a mechanism to generate flat top
distributions where the lower hybrid waves cause the thermalization of cold distributions
near the plasma sheet lobe boundary.
When electrons move further downstream, the magnetic field becomes strong enough
to magnetize electrons, so that pitch angle scattering can only occur near the mid-plane.
Hoshino et al. [2001] proposed that electrons will experience the curvature drift and ∇B
drift in the outflow region when κ ∼ 1, where κ depends on the ratio between the magnetic
curvature and the electron’s Larmor radius. The reconnection electric field would accelerate
electrons during the drift. Wang et al. [2015] analyzed the energization mechanism using
particle tracing techniques in the reconnection exhaust with negligible guide field. The
change of an electron’s parallel momentum is:

m

dVk
d(V~ · B̂)
dV~
dB̂
=m
= m(B̂ ·
+ V~ ·
)
dt
dt
dt
dt

(3.1)

The first term on the right side of equation 3.1 is the work done by Ek . The second term
contains the changes of magnetic field direction, which results in the redistribution of energy
between the parallel and perpendicular components. This term can be further expanded as:

mV~ ·

dB̂
∂ B̂ ~
= mV~ · (
+ V · ∇B̂)
dt
∂t

(3.2)

When doing particle tracing, we assume the magnetic field is stationary, so the first term on
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the right hand side vanishes.

mV~

dB̂
= mV~ (V~k · ∇B̂ + V~⊥ · ∇B̂)
dt

(3.3)

The first term on the right hand side of equation 3.3 represents the work done by the
curvature force and the second term on the right hand side of equation 3.3 represents the
work done by the mirror force. For electrons with large Vk and small V⊥ , the curvature force is
large. The dot product of the reconnection electric field and curvature drift velocity provide
further acceleration along the parallel direction. For electrons with large V⊥ and small Vk , the
electrons are trapped in a small range near the mid-plane by the mirror force. The ∇B drift
along the reconnection electric field would accelerate electrons in the perpendicular direction
(perpendicular to B). For electrons with larger Vk and V⊥ , electrons would do bounce motion
in a larger region. The ∇B drift is not always along the direction of the reconnection electric
field. The work done by the reconnection electric field can change sign. Then the acceleration
is not efficient. In electron distributions, such a mechanism can result in energization along
the parallel direction and perpendicular direction, while the energization along the 45◦ and
135◦ pitch angle directions is weaker.
In this chapter, we further study the energization of exhaust electrons during reconnection with a finite guide field. With a guide field, the reconnection structure becomes
asymmetric and the electron distributions show strong parallel anisotropy with Tek greater
than Te⊥ . This question remains open: for that guide field strengths will the reconnection
structure deviate notably from the symmetric case? We have examined simulation runs with
guide fields of 0, 0.05, 0.1, and 0.4 times the reconnecting magnetic field component. The
results show that with a guide field of 0.4, the reconnection structure changes significantly,
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while with guide field of 0.1, the reconnection structure is still similar to the zero guide field
case. With strong guide fields, the electron diffusion region becomes very small or vanishes
entirely. The acceleration is mainly by the reconnection electric field, which is parallel to
the guide field. Since the electrons are magnetized, there is insufficient pitch angle scattering to re-distribute energy to other pitch angles. Electron distributions exhibit strong
parallel beams and weak flux enhancements in the perpendicular direction. It is interesting
that in the later stage of reconnection, the perpendicular electron temperature enhancement
shows a filamentary structure along the in-plane magnetic field line. The simulation results show that such a temperature enhancement is caused by the increase of the in-plane
pressure tensor components, Pe−xx and Pe−zz . The multi-spacecraft observations of electron
distributions with an enhanced perpendicular component at multiple locations confirms the
existence of the filamentary Te⊥ structure. The sudden increase of the in-plane pressure
tensor components is still an open question and will be the subject of future study.
Most exhaust electron distributions are hot and energetic, however, some of them are
relatively dense and cold. The temperature of electron distributions is correlated to the
evolutionary stages of reconnection. In the early stage of reconnection, the electron density
in the reconnection region is high, and the Alfvén speed is small. The outflow electron
velocity is also small. In addition, due to pre-existing plasmas, the outflow region also has
regions of high density and low temperature. Electron velocity distributions exhibit smaller
temperature. As reconnection proceeds, the plasma in the reconnection region is depleted,
and the Alfvén speed becomes large. The outflow electron velocity also becomes larger.
The pre-existing plasmas are pushed behind the pile up region. Thus exhaust electron
distributions become hot and energetic.
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Chapter 4
Alternating 2D-like and 3D
Magnetic Reconnection
Most studies of reconnection are 2D for simplicity with the assumption that the derivative
along the out-of-plane direction is zero. And they do account for a number of observed
features. However, reconnection in real world does have highly complex 3D structure, in
which the gradient of the third dimension cannot be ignored. Recently, with the advance
in computing power and the progress of observation on reconnection, research to investigate
reconnection in full 3D has began. In this chapter, we show a reconnection event observed by
Cluster in Earth’s magnetotail, which exhibits alternating 2D-like and 3D reconnection features. The data from certain time intervals are consistent with previous 2D predictions, such
as flow and field reversals and electron distributions. However, some of the field and plasma
characteristics go beyond the 2D reconnection picture. The 3D magnetic field structure is
reconstructed, and data are analyzed in the context of 3D reconnection.
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Figure 4-1: Magnetic field topology of 3D magnetic null points. (a) single null; (b) separator
reconnection. Figure adapted from Pontin [2011].

4.1

Introduction

The region in reconnection structure where magnetic field completely vanishes is called the
null region. In 2D reconnection without guide field, the null region is a point on the reconnecting plane, called the X-point. In 3D, the null region could be a point or a line.
Previous studies on 3D reconnection are predominantly based on theories and simulations.
The null regions in the form of X or O lines have been shown to be structurally unstable in
3D [Greene, 1988; Lau and M, 1990], so the 3D null regions are more likely to be isolated
null points.
The field topology of Magnetic reconnection with 3D nulls is totally different from 2D
X-line. Magnetic field structure in 3D reconnection regime consists of non-null reconnection,
single null point reconnection, and null-pair separator reconnection [Pontin and Galsgaard,
2007; Pontin et al., 2007a,b; Pontin, 2011]. Figure 4-1 shows Magnetic field topology of 3D
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magnetic null points. Because the divergence of magnetic field is zero, the magnetic field
lines in the vicinity of null point must be of hyperbolic type. The field structure of single
null point consists of a spine and fan surface, as shown in Figure 4-1(a). The spine is a
bunch of field lines toward or away from the null point, and the field lines on the fan surface
spread away from or toward the null. Two or more null points are connected by separator,
as shown in Figure 4-1(b). The separator lies on the transverse intersection of the fan planes
of the two nulls, and a current density developed along the separator. When disturbances
are introduced to the symmetric 3D null points, the rotation and shearing motions distort
the structure of null points. The field and plasma dynamics are the least studied in 3D
reconnection. A sort of null point simulations have been carried out to study the property
of reconnection in 3D. Pontin and his coworkers used 3D MHD simulation to study the
magnetic null structure, current sheet formation, and non ideal behavior in 3D reconnection
[Pontin and Galsgaard, 2007; Pontin et al., 2007a,b; Pontin, 2011]. Olshevsky et al. [2013]
showed that the energy conversion in 3D null point reconnection is much higher than the
traditional 2D Harris sheet configuration in a 3D PIC simulation.
On another hand, many 3D simulation studies are based on the improved 2D reconnection model that allow changes in the third dimension. Daughton et al. [2011] studied the 3D
reconnection with PIC simulation. The simulation is initialized with a Harris current sheet
with a uniform guide field of Bg = B0 . A lot of secondary flux ropes, known as magnetic
island in 2D, are formed in the current layer, and they interact with each other in a complex
way. Daughton et al. [2011] also showed that even though the 2D projection of the 3D simulation result is somewhat consistent with previous 2D simulation and observation results,
the field measurement can be quite different along different trajectories. This result suggests
that the criteria of identifying reconnection structure needs expansion. In observation, cur-
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rently, a reconnection structure must have By and Bz reversals. Such criteria might rule out
some reconnection events if spacecraft did not cross reconnection structure along the right
paths.
In observation, the indicator of magnetic null point is the Poincaré index, or topological
degree, which measure the number of roots of magnetic field in a region [Greene, 1992;
Wendel and Adrian, 2013]. The magnetic field in the vicinity of null point can be expressed
as B = ∇B·r, where ∇B is the matrix of magnetic spatial gradients evaluated at the null.
The null point sits at origin and the eigenvalues of ∇B tell the topological information
about the null. For example, the null is a type A or type B radial null if all three eigenvalues
are real. The sign of eigenvalue which has opposite sign to the other two tells the null is
type A (negative) and type B (positive). The definition of topological degree, D, is given
by: D =

P

S(det(∇B)) over all of the null points, where S is the sign of null points.

The determinant of a matrix equals to the product of eigenvalues, so its sign indicates the
polarity of the null. D represents the overall difference of positive and negative null points
in a region, and will vanish if the region contains a pair of A-B nulls. D can be obtained
by the bisection method. With a mapping of magnetic field in configuration space (x,y,z)
to magnetic field (Bx , By , Bz ) space with null point at origin. The solid angle in a volume
with isolated null point should be 4 π, and is zero if there is no null point. The Cluster
mission has four spacecraft in a tetrahedron configuration so that it can enclose null points
in the tetrahedron volume. Xiao et al. [2006] identified isolated null and separator-line
in magnetotail reconnection events by calculating the topological degree. In addition to
the identification of null pair, Wendel and Adrian [2013] uses the magnetic field vector and
plasma flow vector to determine the rotational pattern in the fan plane, and a modest current
perpendicular to the spine that tilts the fan toward the spine.
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Recently, the 3D magnetic field reconstruction technique visualized the full picture of
the magnetic field in reconnection structure [He et al., 2008b,a]. The fitting reconstruction
model consists of ten spherical harmonic functions, one Harris current sheet function and
one constant field to describe the magnetic field in the magnetotail. A total of 12 coefficients
are to be determined by the magnetic field vectors observed by all four Cluster spacecraft
to reflect the structure of magnetic field. In the reconstruction of a magnetotail null pair,
He et al. [2008a] shows that electrons are trapped and accelerated in the null region. The
electron are trapped by the magnetic cusp mirrors, leading to the bi-directional energetic
electron beams, which excite the observed high frequency electrostatic waves. Dunlop et al.
[2009] found a high latitude anti-parallel reconnection site in the dayside magnetopause, and
used the reconstruction technique to show the magnetic structure with a null pair. Deng
et al. [2009] identified a null pair by calculating the eigenvalues and eigenvectors of the
Jacobian matrix of the vector magnetic fields and the magnetic field reconstruction result is
consistent with the theoretical prediction of null pair and the angle between the spines of two
nulls. Guo et al. [2013] reconstructed the magnetic field in anti-parallel reconnection and
component reconnection. Both types of reconnection had null pair and are local presentation
of the separator reconnection configuration.
In this chapter, the observation section shows the plasma and field characteristic that go
beyond the 2D reconnection picture. The reconstruction section shows the 3D magnetic field
structure reconstructed by the fitting model. In discussion section, we discuss the plasma
dynamics and field measurements in the context of 3D reconnection.
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4.2

Observation

On September 15, 2001, Cluster spacecraft observed a magnetotail reconnection event between 04:50:00 UT - 05:20:00 UT. This event has been studied extensively by Xiao et al.
[2006]; He et al. [2008b]; Asano et al. [2008]; Cai et al. [2008]. Xiao et al. [2006] identified
a 3D magnetic null inside of the tetrahedron of four spacecraft by calculating the Poincaré
index. The null was shown to be located at the center of a positive-spiral spine flux tube
with the spine in the GSM x − z plane and moves along y direction. He et al. [2008b] reconstructed the magnetic field around the 3D null with a 12 functions fitting model. Asano
et al. [2008] analyzed the electron flat-top distribution in the outflow region and found that
the phase space density of flattop electrons is nearly constant in the energy range of 1-5 keV.
The flat-top distributions are usually observed near the outer boundary of the ion diffusion
region, while the supra-thermal electrons are not accompanied by the flat-top distribution.
Cai et al. [2008] analyzed the effect of ion pressure anisotropy and nongyrotropy on the
formation of proton thin current layer and bifurcated oxygen thin current layer.

Figure 4-2: The spacial configuration of Cluster spacecraft in GSM coordinates at 05:00:00
UT on September 15, 2001. Custer is in the magnetotail, 19 RE from the Earth. The
separation between spacecraft is on the scale of 1500 km, which is about 5 di .
Figure 4-2 shows the spatial configuration of Cluster spacecraft in GSM coordinate at
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05:00:00 UT on September 15, 2001. Cluster locate in the magnetotail about 19 RE from the
Earth. We set C3 (-18.826, 3.461, -2.558) RE at the origin, and plot the distance from C3
to the other spacecraft in the x − y, x − z, and y − z planes. From north to south, the order
is C4, C2, C1, and C3. C4 and C3 swept the north and south boundary of the reconnection
structure, while C1 and C2 saw the most outstanding features in this reconnection structure.
The separation between spacecraft is on the scale of 1500 km, which is about 5 di . di is
calculated based on the magnetic field amplitude of 30 nT and ion density of 0.6 cm−3 at
04:55:00 UT at C1 and C4, when C1 and C4 are in the quiet time current sheet.
Figure 4-3 shows an overview of this event between 05:00:00 UT - 05:10:00 UT. From
top to bottom are: (a) Bx ; (b) By ; (c) Bz at all four spacecraft; (d) H + bulk velocity
(Vix ) at C1, C3, and C4; and (e) The poincaré index. Data from C1, C2, C3, and C4 are
shown in black, red, green, and blue. During this interval, spacecraft cross the reconnection
structure southward. At the beginning, all spacecraft are in the north lobe since Bx at
all spacecraft are 25 nT and ion density at all spacecraft is less than 0.1 cm−3 (not shown
here). Then C3 move to the south edge of the reconnection structure and other spacecraft
cross the central current layer many times, which can be seen by the amplitude and sign
changes of Bx . Spacecraft observed several times of ion bulk flow reversal in the course of
current sheet crossing, which are considered as the crossing of opposite directed outflow jets
of reconnection. The bottom panel shows the Poincaré index, which indicates the magnetic
null points enclosed in the tetrahedron of four Cluster spacecraft. There are a lot of null
points in this reconnection event and they concentrate in five groups. These regions filled
with 3D null points would be discussed in detail in next sections.
At each of ion flow reversal, By and Bz switch signs, which is consistent with the Hall
field and newly reconnected magnetic field in 2D reconnection region. During 05:03:00 UT

100

- 05:04:30 UT, all spacecraft observed earthward and tailward outflow regions with Vix goes
up to ±1000 km/s. The plasma and field data in the tailward outflow interval between
05:03:40 UT - 05:04:30 UT, as marked by red dashed box in Figure 4-3, is consistent with

Figure 4-3: An overview of the magnetic field, ion outflow, ion density at all spacecraft, and
the poincare index in the reconnection event between 05:00:00 - 05:10:00 UT on 15 September
2001. There are many null points and they concentrate in five groups. The magnetic field
configuration and Vix in the interval within red dashed box is consistent with 2D picture.
(a) Bx ; (b) By ; (c) Bz at all four spacecraft; (d) H + bulk velocity (Vix ) at C1, C3, and C4;
and (e) The poincaré index.
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the southward crossing of the tailward outflow region in 2D reconnection picture. With Bx
changes from positive to negative, By at C1, C2, and C4 reverse sign accordingly and change
amplitude proportionally. Bz at all spacecraft are negative. The observed magnetic field is
perfectly consistent with the magnetic field configuration in 2D reconnection. The H + flow
is mainly along the x-component, and Vix is about -1000 km/s, which indicates the tailward
ion outflow jet. The field configuration and ion flow during this interval are consistent with
prediction of previous 2D reconnection.
After a carefully examination of data in the whole event, however, we found the properties
of field and plasmas in the region filled with null points (referred as null region hereafter) go
beyond the 2D reconnection picture.
Figure 4-4 shows The H + bulk flow velocity at C1 between 05:01:00 UT - 05:04:30 UT
and the H + velocity vector at C1 between 05:01:17 - 05:01:45 UT. This interval is the first
null region, as shown in Figure 4-3(e). The H + velocity vectors show a rotational pattern,
indicating an extraordinary ion flow pattern in null region. Such rotational pattern is also
observed in other null regions in this event, but not in other regions like exhaust, separatrix,
or inflow region. The rotational pattern seems consistent with the field pattern in Figure
4-1(a), but is not expected in 2D picture.
Figure 4-5 shows the distinct ion plasma features in null regions observed by C1. From top
to bottom are: (a) Three component of magnetic field; (b) x-component of H + bulk velocity;
(c) H + density (d) H + differential particle flux (DPF); (e) H + Phi angle distribution; (f)
O+ DPF; and (g) O+ Phi angle distribution. Two reconnection regions were encountered
when C1 crossed the current sheet southward, as marked by red bars above the top panel.
The null regions are marked by red dashed boxes. In null region, the H + flow velocity
is small or reverses sign, and H + density enhances for over one order of magnitude. Ions
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are energized to tens of keV in the reconnection region. The H + and O+ ions also show
concentration and less energetic ion flux in the null regions. The Phi angle distribution
measures ion flux distribution in the equatorial plane with 0◦ earthward, 90◦ dawnward,
180◦ tailward, and 270◦ duskward. The particles become nonadabatic and stream duskward

Figure 4-4: The H + bulk flow velocity at C1 between 05:01:00 UT - 05:04:30 UT and the
H + velocity vector at C1 between 05:01:17 - 05:01:45 UT. The vectors show a rotational
pattern, which seems consistent with the field pattern in Figure 4-1(c) and (d), but is not
expected in 2D picture.
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when the current sheet thickness is comparable or smaller than the gyro-radius of particles
[Kistler et al., 2005]. The Phi angle distributions show the O+ ions stream duskward while
H + ions do not between 05:03:40 UT - 05:07:30 UT, which indicates that the current sheet
thickness is between the gyro-radius of O+ and H + in the reconnection region outside of
the null region. In the null regions, however, C1 observed counterstreaming H + and O+ in

Figure 4-5: The ion spectra observed by C1 showing distinct ion features in null regions
that go beyond 2D picture. (a) Three component of magnetic field; (b) x-component of
H + bulk velocity; (c) H + density (d) H + differential particle flux (DPF); (e) H + Phi angle
distribution; (f) O+ DPF; and (g) O+ Phi angle distribution.
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dawn-dusk direction, which is not reported in previous studies. The distinct electron energy
spectra and dawn-duskward counterstreaming ion flux in null regions indicates fine structure

Figure 4-6: The electron spectra observed by C1 showing distinct plasma and electromagnetic
features in null regions. (a) x-component of H + bulk velocity; (b) suprathermal electron
DPF; (c) thermal electron DPF; (d) thermal electron pitch angle distribution; (e) magnetic
field wave power spectra; (f) electric field wave power spectra.
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in the null regions.
Figure 4-6 shows the distinct electron plasma features in null regions observed by C1.
From top to bottom are: (a) x-component of H + bulk velocity; (b) suprathermal electron
DPF; (c) thermal electron DPF; (d) thermal electron pitch angle distribution; (e) magnetic
field wave power spectra; (f) electric field wave power spectra. The thermal electron flux
enhanced in ion outflow region with energy up to 20 keV. In the null region, however, the
thermal electron flux are less energetic but denser. The flux in null region is one order of
magnitude higher than exhaust region while the maximum energy in null region is one order
of magnitude smaller than exhaust region. It is surprising that the suprathermal electron
flux enhanced in null region rather than exhaust region. In contrast, in all magnetotail reconnection events, except this one, the thermal and suprathermal electrons DPF enhance at
the same time (data not shown here), which is consistent with a previous reported reconnection event [Chen et al., 2007, 2008, 2009]. In the thermal electron pitch angle distribution,
we only show electrons with energy greater than 100 eV. The electrons are isotropic in null
region and exhaust region. The bottom two panels are the magnetic field and electric field
wave power spectra. The field fluctuation is small in null region.
Electron distribution functions have been used to distinguish inflow, separatrix, and
exhaust regions in the magnetotail reconnection. The energy, phase space density (PSD), and
anisotropy of electron distribution function in inflow region, separatrix region, and exhaust
region are quite different. The top panels of Figure 4-7 show the examples of electron
velocity distribution functions in this event. Shown left to right are: (a) inflow distribution,
(b) separatrix distribution, (c) exhaust distribution, and (d) null distribution. The bottom
panels are thermal electron DPF from all four spacecraft. (e) electron DPF at C4; (f)
electron DPF at C2; (g) electron DPF at C1; (h) electron DPF at C3. The order of panels is
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according to the north to south order of spacecraft position. The color blocks under each flux
panel indicate the positions of distinct electron regions according to the type of distribution
functions. The inflow distribution features the maximum velocity of 1.5 × 104 km/s, PSD

Figure 4-7: Electron distributions in different regions and thermal electron DPF indicating
that null region is embedded in the exhaust and separatrix region. From top to bottom
are: (a) inflow distribution; (b) separatrix distribution; (c) exhaust distribution; (d) null
distribution; (e) electron DPF at C4; (f) electron DPF at C2; (g) electron DPF at C1;
(h) electron DPF at C3. The order of panels is according to the north to south order of
spacecraft position. The color blocks under each flux panel indicate the positions of distinct
electron regions according to the type of distribution functions.
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of more than 20 in low energy section, and anisotropy with Tek > Te⊥ . The separatrix
distribution is similar to the inflow distribution but more energetic. Its maximum velocity
is more than 2.5 × 104 km/s, the PSD is 10 in the low energy section, and distribution is
anisotropic with Tek > Te⊥ . The exhaust distribution features maximum velocity of more
than 5 × 104 km/s, PSD of less than 1, and isotropic distribution. The features of the first
three types of distribution functions have been established in a previous study [Chen et al.,
2008]. However, a new distribution function is found in the null region, as shown in Figure
4-7d. Its maximum velocity is 2.5 × 104 km/s, the PSD is is more than 20 for all velocity
less than 1.5 × 104 km/s, and the distribution is isotropic. As shown in Figure 4-7 e − h,
Electrons in null regions at all spacecraft are denser and less energetic than the exhaust
region, and they are more energetic than the electrons in plasma sheet. We color code each
type of the distribution function and mark their corresponding reconnection regions under
the energy-time spectrogram. The inflow regions are plotted in brown, the separatrix regions
in blue, the exhaust regions in green, the null regions in red, and the plasma sheet or lobe
regions in grey. Three null regions are encountered by all four spacecraft between 05:00:00
UT - 05:05:00 UT, which are embedded in the separatrix regions and exhaust regions. We
infer that the null regions are part of the reconnection structure and its size is about the
same scale of the spacecraft separation.
The features of electric field and plasma density also distinguish the null region from the
reconnection structure. The top to bottom panels of Figure 4-8 are: electric field at (a):
C1, (b): C2; (c): C3; (d) C4; (e): electron density at C1 and C2; (f) H + density at C1,
C3, and C4. The electric field in the null region is small and non-fluctuating, as marked
by blue shade. In contrast, the electric field in the separatrix region are larger and highly
fluctuating. Both ion and electron densities show strong concentration in the null region. In
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Figure 4-8(e), the electron density in null region is up to 1.5 cm−3 , and about five times of
electron density in exhaust region. The ion density has similar profile but number is smaller
than electron density. Both electron and ion density profiles show sharp transition between

Figure 4-8: Electric fields and plasma densities at four spacecraft showing that in null regions
electric fields are small and nonfluctuating while densities enhance. From top to bottom are:
electric field at (a): C1, (b): C2; (c): C3; (d) C4; (e): electron density at C1 and C2; (f)
H + density at C1, C3, and C4.
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the boundary of different regions, indicating significant field structure change which confine
the electrons.
The null region at the Vix reversal is not consistent with the crossing of X-point or island
core in the 2D reconnection picture. The high plasma density shown in Figure 4-8 and
suprathermal electrons flux shown in Figure 4-6 rule out the possibility of X-point crossing.
At the X-line in 2D reconnection, we expect a smaller plasma density and less suprathermal
electron fluxes than in the exhaust region [Speiser, 1965; Hoshino et al., 2001; Chen et al.,
2008]. In this event, the plasma density and suprathermal electron flux at flow reversal is
greater than in exhaust region. The thermal and suprathermal electron flux shown in Figure
4-6 rule out the possibility of island core crossing too. In the core region of magnetic island
in 2D reconnection, we expect enhancement in both of thermal and suprathermal electron
fluxes [Chen et al., 2007]. The strong outflow jets at the two ends of the island should keep
pumping energized thermal electrons towards the core. In this event, however, the energy of
thermal electron in the null region is less than the thermal electrons in the outflow region.
The entire flow reversal interval during 05:03:00 UT - 05:04:30 UT cannot fit the single X-line
or magnetic island in 2D reconnection.

4.3

Reconstruction of Magnetic Fields

The 3D magnetic field reconstruction has been shown to be a useful tool in previous studies
[He et al., 2008b,a; Deng et al., 2009; Guo et al., 2013]. In this section, we further establish
the credibility of the fitting technique beyond its existing applications by comparing the
results of magnetic field reconstruction and the electron distribution measured by Cluster.
In Figure 4-9, we show one example of such comparisons at 05:02:20.117 UT. The left panel in
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Figure 4-9 shows the reconstructed magnetic field structure, in which C1 (black sphere) is in
the earthward exhaust region and close to the separatrix, C2 (red sphere) is in the separatrix
region, C3 (green sphere) and C4 (blue sphere) are in the south and north inflow regions
respectively. The right panel in Figure 4-9 shows the electron distributions between 05:02:16
UT - 05:02:24 UT. C1 observed the mixture of exhaust and separatrix distributions, C2
observed separatrix distributions, C3 and C4 observed inflow distributions. The spacecraft
position in the result of reconstruction is consistent with the spacecraft position referred
from the electron distributions [Chen et al., 2008]. The magnetic field and H + velocity in
Figure 4-3 are consistent with the reconstruction too. The Bx at C3 and C4 are -19 nT
and 15 nT, which is the typical amplitude of magnetic field in the south and north inflow
regions of the reconnecting current sheet. The Bz at C1 and C2 is positive indicating that
the two spacecraft are earthward of the X-point. C1 observed strong earthward H+ flow up
to 800 km/s, indicating its location in the earthward exhaust region. The H + flow observed
by C4 is -400 km/s and mainly along z direction, which is equal to the E×B drift velocity
based on the fields observed by Cluster and the assumption of E·B=0. It is consistent with
the reconstruction result that C4 is in the north inflow region. The electric field, plasma
density in Figure 4-8, and electron flux in Figure 4-6 indicate further consistence with the
reconstruction. The electric field at C1 exhibits large and high frequency fluctuations, a
signature of separatrix region [Andre et al., 2004; Khotyaintsev et al., 2006; Farrugia et al.,
2011]. The plasma densities at C1 and C2 are less than 0.1 cm−3 , which is a typical value in
saparatrix region. The thermal electron at C1 and C2 are energized up to 7 keV, which is
between the electron energy in exhaust region and inflow region. The reconstructed magnetic
field structure is consistent with the field and plasma features in observation so that the
reconstruction technique is reliable for this interval.
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Figure 4-9: Magnetic field reconstruction of a X-line structure at 05:02:20.117 UT. Top panel
is the magnetic field reconstruction result, the color of field lines represents the strength of
magnetic field, Blue to red shows increase |B|. Four color circles represent the four spacecraft.
C1 is black, C2 is red, C3 is green, and C4 is blue. Right panel shows the electron distribution
functions from 05:02:16 UT - 05:02:23 UT.
We then use this technique to reconstruct the magnetic field structure in the null regions.
Three reconstruction examples are shown in Figure 4-10. The bold red lines in the reconstruction results are the magnetic field lines which cross C1 and C2. The top left panel in
Figure 4-10 shows the magnetic field reconstruction result at 05:01:37.480 UT when the first
null region is observed. A spiral null locates in the Cluster tetrahedron. The magnetic field
lines spiral around the null, indicating strong current density along the spine. C1 locates
close to the spine. The magnetic field line at C1 spiral around the null, and nearly overlapped with the spine. C2 is also close to the spine, but the magnetic field line at C2 does
not spiral around the null. C3 and C4 are in the fan surface, which is interpreted as the separatrix region. The top right panel in Figure 4-10 shows the electron distributions between
05:01:34 UT - 05:01:42 UT. C1 observed null distribution, C2 observed a transition from null
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Figure 4-10: Magnetic field reconstruction and the electron distribution in the null regions.
From top to bottom, the time of reconstruction are 05:01:37 UT, 05:03:01 UT, and 05:03:25
UT. The electron distribution interval are 4 seconds before and after the reconstruction time.
Four color circles represent the four spacecraft. C1 is black, C2 is red, C3 is green, and C4
is blue. The bold red lines are the magnetic field lines cross C1 and C2.
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distribution to exhaust distribution, C3 and C4 observed separatrix region. At this time, as
shown in Figure 4-8, the electric field at C1 is smaller and less fluctuating compared with
nearby separatrix region. The electron and H + density at both C1 and C2 exhibit peaks.
The suprathermal electron flux at C1 and C2 show enhancement and thermal electron flux
at both spacecraft enhance at energy less than 3 keV. The magnetic field reconstruction and
plasma data show that C1 is located in the null region while C2 locates in the boundary of
null region and separatrix region.
The middle left panel in Figure 4-10 is the reconstructed magnetic field at 05:03:01.015
UT, when Cluster encountered the second null region. A flux tube of size on the order of
spacecraft separation is revealed. C1 is in the center of this flux tube. The magnetic field
line at C1 is nearly overlapped with the spine, which spiral around the null. C2 is in the
flux tube. The magnetic field line at C2 curved in the flux tube, but does not spiral around
the null. C3 and C4 are in the boundary region of this flux tube. The middle right panel
in Figure 4-10 presents the electron distributions between 05:02:56 UT - 05:03:04 UT. C1
observed null distributions, C2 observed exhaust distribution with a strong parallel beam, C3
and C4 observed separatrix distribution. The electric field at C1 is small and non-fluctuating
at this time, as shown in Figure 4-8(a). The electron and H + density at C1 and C2 exhibit
peaks, as shown in Figure 4-8(e) and (f). The suprathermal electron fluxes at C1 show
enhancement, and the thermal electron energy at C1 is less than 3 keV, as shown in Figure
4-6. The suprathermal electron flux enhancement observed by C1 is at 05:02:45 UT, which
is 10 seconds before the time of electron density peak. It suggests that the electron density
and suprathermal electron flux near the spine of flux tube are higher than the surrounding
region.
The bottom left panel in Figure 4-10 shows the reconstructed magnetic field at 05:03:25.188
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UT, when Cluster encountered the third null region. It is a flux tube with its size comparable
to the separation of spacecraft. C1 locates close to the spine of the flux tube, but it is not
in the flux tube yet. C2 is in the flux tube. The magnetic field line at C2 spiral around
the spine but has a larger radius than the spiral of C1. C3 and C4 are in the boundary
region of this flux tube. The bottom right panel in Figure 4-10 shows the electron distribution functions during 05:03:20 UT - 05:03:28 UT. C1 observed a transition from separatrix
distribution to null distribution. C2 observed null distribution, and C3 and C4 observed
separatrix distribution. At this time, the fluctuating electric field at C1 ceases. The electron
and H + density at C1 indicate the spacecraft is in the edge of a large density enhancement,
as shown in Figure 4-8. C1 also observed the enhancement of suprathermal electron flux,
and the thermal electron energy is less than 5 keV, as shown in Figure 4-6. Meanwhile, C2
already entered the null region, in which the electron density is 1 cm−3 . Now, it is clear
that the suprathermal electron flux near the spine is much higher than other regions, and
the plasma densities concentrate in the flux tube.

4.4

Discussion

The plasma and field in the null regions show interesting features that go beyond the 2D
reconnection picture. The null regions occurs at the Vix reversals. The ions stream both
dawnward and duskward. The electric field is small and non-fluctuating and the plasm
density exhibits peaks. The electron velocity distribution is hot, dense, and isotropic. The
suprathermal electron flux shows enhancement, while the thermal electrons are less energetic
than thermal electrons in the exhaust region.
Suprathermal electrons are usually observed in the exhaust region in magnetotail recon-
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nection [Hoshino et al., 2001; Chen et al., 2007; Asano et al., 2008]. Chen et al. [2007] showed
that the suprathermal electrons could be from the further acceleration of thermal electrons in
the island exhaust region. In this event, however, the enhancements of suprathermal electron
flux are not in the exhaust region. Instead, they are in the null region with thermal electron energy between 1 - 3 keV. The magnetic field reconstruction shows that suprathermal
electrons are concentrated around the central axis of flux tube. Currently, the most popular
electron energization mechanisms in flux tube (or magnetic island) are the Fermi acceleration [Drake et al., 2006] and island surfing [Oka et al., 2010]. The Fermi acceleration starts
from the inner region of a contracting magnetic island. When highly magnetized electrons
stream along the curved magnetic field line, they are accelerated along the magnetic field
line at the two ends of island and drift to the boundary of the island. In Fermi acceleration
the most energetic electrons are in the boundary region of the island or flux tube. However,
in this event, the suprathermal electrons are observed concentrating at the spine and the
suprathermal electrons flux is smaller in the boundary region. In the island surfing mechanism, when the electrons have large enough out-of-plane velocity, the centripetal Lorentz
force is bigger than the centrifugal electric field force so that electrons are trapped in the
magnetic island. The trapped electrons are accelerated by the out-of-plane electric field and
keep concentrating in the center of flux tube by the Lorentz force. On the other hand, in
the bottom left panel of Figure 4-10, C1 observed suprathermal electron flux but it is not in
the flux tube yet, so the suprathermal electrons could also come from external sources and
stream into the flux tube along the spine.
Both of electron and ion densities concentrate in the null regions, as shown in the Figure 48(e) and (f). In the observation of magnetic island in magnetotail reconnection, the electron
density peak is often found at the reversal point of Bz [Chen et al., 2007, 2008]. The
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outflow jets pile up electrons within the island, causing the electron density compression.
Chen et al. [2008] found an electron density peak and electron counts enhancement when
spacecraft cross an electron current sheet. He et al. [2008a] reconstructed the null region
at this electron density peak. The result shows that electrons are trapped in the magnetic
cusp region. The value of this electron density peak is 0.035 cm−3 , which is much smaller
than the electron density in the nearby magnetic island. In this event, the electron and ion
density is more than 1cm−3 in the null region, so that the concentration mechanism might
be different. Karimabadi et al. [2007], in a kinetic simulation, showed an in-plane electric
potential well in the diffusion region that can temporarily trap low energy electrons in the
diffusion region. Chen et al. [2012] showed a double peak electron density profile in the
diffusion region. The ion density also shows a peak since ions are trying to maintain the
charge neutrality. This electron density peak is due to the pressure gradient, which might be
also count for the density enhancement observed in this event. In the diffusion region or flux
tube, when the magnetic field strength decrease, the thermal pressure enhanced to maintain
the total pressure balance. In Figure 4-7 we showed that the thermal electron energy in
null region is much smaller than the exhaust region and separatrix region. The electron
distribution in null region is much colder than in the exhaust region. Since the temperature
is small, the plasma density enhancement is required to strengthen the thermal pressure.
It is worth noting that in the null regions, the ions stream both dawnward and duskward,
as shown in Figure 4-5(e) and Figure 4-5(g). Kistler et al. [2005] showed that when the
current sheet thickness is comparable or smaller than the ion gyroradius, the ions become
non-adiabatic and stream duskward with a meandering orbit. The dawnward moving ions
cannot be from the meandering motion in the current sheet since the Lorentz force can only
keep duskward moving ions in the current layer. The dawnward ion stream is possibly due
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to a reflection mechanism to rebound the duskward ion streams.
In conclusion, we showed that the plasma and field features in the null regions go beyond the 2D reconnection picture. The electron dynamics like density concentration and
suprathermal electron energization are discussed in the context of 3D magnetic field reconstructed by a fitting technique. The studies in this chapter provide an alternative method
to interpret the data of reconnection, which can help the study of plasma dynamics in 3D
reconnection.
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Chapter 5
Summary and Conclusion
We have investigated various kinds of electron distributions in the inflow and outflow regions
of magnetotail reconnection, and compared them with electron distributions in PIC simulations to discuss the mechanisms of forming these distinct distributions. In this chapter, we
summarize the important discoveries regarding distinct electron distributions in magnetotail
reconnection in this thesis.
Before the work in this thesis, the inflow distributions were thought to be anisotropic
with Tek > Te⊥ based on PIC simulations and only one Cluster event. Though other earlier
observations studies have reported anisotropic electron distributions, which reconnection region these distributions were from was not clear. With multiple spacecraft analysis of field
and plasma data, we identified 13 unambiguous inflow regions in magnetotail reconnection
encountered by Cluster spacecraft. The electron distributions in the inflow region are divided into three categories. The first category is the anisotropic distribution. The electron
distribution shows Tek > Te⊥ , in which the parallel component has either flat top or pronounced peaks with beam structures in the phase-space density. Such anisotropy in electron
distribution in inflow region is attributed to conservation of the first adiabatic invariant and
acceleration by the parallel electric field [Chen et al., 2008; Egedal et al., 2010a]. In this
thesis, we explore further by using a particle tracing technique to analyze the energy change
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of single particles with different velocities in the PIC distribution functions. Results show
that the parallel potential, Φk , or the parallel electric field, Ek , play an more important role
than the first adiabatic invariant in trapping and accelerating electrons. The alternating Ek
structure exists in the entire inflow region and increasing significantly in the region close to
separatrix. The longer electron stays in the parallel electric field near separatrix, the higher
energy electron can obtain. The second category is the isotropic distribution. The electron
distribution is nearly isotropic with Tek = Te⊥ . The third category is the hybrid distribution,
which consists of a lower energy (up to 800 eV) anisotropic population with Tek > Te⊥ and
a higher energy (up to a few keV) isotropic population. The inflow electron density, inflow
electron temperature ratio, the amplitude of upstream magnetic field, the upstream electron
beta, the proton outflow velocity, and the ratio of proton outflow velocity to Alfvén speed
are correlated with different type of anisotropy in inflow electron distribution. Comparisons
with a 2D PIC simulation suggest that the isotropic inflow electrons may be interpreted as
from early stage of the explosive growth phase, while the anisotropic inflow electrons can
occur any time around or after the middle of the explosive growth phase. The hybrid inflow
distribution is beyond the prediction of the PIC simulation, and may be evidence for plasma
sheet reconnection.
Before the work in this thesis, electron distributions in reconnection exhaust were thought
to be hot and isotropic. We demonstrate that the exhaust distributions in magnetotail reconnection exhibit distinct features in electron temperature, electron beam, flat-top, and
anisotropy, which complement the previous understanding that reconnection outflow electrons are just hot and isotropic. Near the electron diffusion region (EDR), the perpendicular
component of electron temperature (Te⊥ ) is much larger than the parallel component of electron temperature (Tek ). In EDR and the downstream next to EDR, electron velocity are
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mainly perpendicular to the dominant component of magnetic field, Bz . The electron distribution becomes isotropic downstream of the near EDR region. The energetic electrons are
nearly unmagnetized in the outflow region with largest ion bulk velocity. The pitch angle
scattering from waves will result in a redistribution of energy along different pitch angle,
and finally result in an isotropic distribution. When electrons go further downstream, the
magnetic field becomes strong enough to magnetize electrons and pitch angle scattering can
only occur near the mid-plane. Electrons get further acceleration by perpendicular electric
field during the curvature drift and grad B drift. The energization and redistribution of energy between parallel and perpendicular component result in beams in electron distribution.
Near the pile up region, the strong magnetic field strength results in strong perpendicular
enhancement in electron distribution.
With the presence of strong guide field, the reconnection structure becomes asymmetric
and the electron distribution shows strong parallel anisotropy with Tek > Te⊥ . When the
guide field is strong enough to magnetize electrons, the EDR vanishes. The electron energization is still mainly from the reconnection electric field, which is parallel to the guide
field. The pitch angle scattering is not sufficient now since the electrons are magnetized by
guide field. So the electron distribution with strong guide field exhibits strong anisotropy
with parallel beams. It is interesting that the perpendicular electron temperature enhancement show a filamentary structure along in-plane magnetic field line. Comparisons with
PIC simulation shows that the temperature enhancement is caused by the increase of in
plane pressure tensor, Pe−xx and Pe−zz , in the late stage of simulation. The observation fact
that multiple spacecraft observe Te⊥ enhanced distribution at multiple location confirms the
existence of filamentary structure.
Before the work in this thesis, most of studies in reconnection is in 2D picture. In this
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thesis, we provide an alternative interpretation in full 3D to explain a special kind of electron
distribution. In Chapter 4, we show a magnetotail reconnection event observed by Cluster
exhibits intermittent 2D-like and 3D magnetic reconnection. Part of the data is consistent
with previous 2D prediction, like ion flow and field reversal in outflow region. Part of the
plasma and field data go beyond the 2D reconnection picture. Near the x-point (null point
in 3D), the electron distribution at Vix reversal is hot, dense, and isotropic. The electric field
is small and non-fluctuating. The plasma density and suprathermal electron flux exhibit
enhancement, while the thermal electron flux shows enhancement in the exhaust region.
The magnetic field line near the 3D magnetic null is reconstructed by a fitting technique.
The results show that the dense distribution is associated with 3D magnetic nulls.
This thesis establishes the grounding reality of magnetotail reconnection based on measurements from the four spacecraft, and obtains new understanding about electron energization during reconnection by combining simulations and observations. The results can be
used to provide the ion-scale context of reconnection signatures for the Magnetic Multi-Scale
(MMS) mission which was successfully launched in March, 2015.
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